2 



M ) MOTOROLA Semiconductors 




ADVANCED SEMICONDUCTOR DEVICES (PTY) LTD. 



KOPP GROUP 



P.O. BOX 2944 
JOHANNESBURG 2000 
TEL. 802-5820 




A/D AN 
CONVERSION MANUAL 



G 



Be* 3 {' 
Brain' 6 * 
20^ 



Technology and 
Selector Guides 



Data Sheets 



Application Notes 



MOTOROLA 



ANALOG/DIGITAL 
AND DIGITAL/ANALOG 
CONVERSION MANUAL 



Circuit diagrams external to Motorola products are included as a means of illustrating typical semiconductor 
applications; consequently complete information sufficient for construction purposes is not necessarily given. 
The information in this book has been carefully checked and is believed to be entirely reliable. However, no 
responsibility is assumed for inaccuracies. Furthermore, such information does not convey to the purchaser of 
the semiconductor devices described any license under the patent rights of Motorola, Inc., or others. Motorola 
reserves the rights to change specifications without notice. 



ISBN 1 870760 04 2 



© MOTOROLA INC., 
"All rights reserved" 
Revision 1984 - DLE400/D (was B001) 
Reprinted 1985 -DLE400 
Revised and Reprinted 1988 - DLE400RI/D 
Printed in Great Britain by Hazell Watson & Viney Ltd, 2/88, 5000 



III 



ANALOG/DIGITAL 
AND DIGITAL/ANALOG 
CONVERSION MANUAL 



INTRODUCTION 



This data conversion handbook is a compilation of data sheets and application notes from Motorola 
designed to help to data conversion circuit designers. It also includes a selector guide that gives the 
minimum technical basis on the A/D and D/A conversion. 

The introduction of monolithic digital to analog conversion (DAC) IC's has opened a new area for cir- 
cuit designers. The cost barriers that have in the past limited the use of the DAC to only the most 
sophisticated system have now been broken down. 

Not only have designers found that there is a cost saving to be realized in present applications, but 
more important, they have found that the new economy of monolithic DAC's allows their use in 
numerous new applications such as microprocessor based system. As an added bonus, monolithic 
DAC's are superior to modular units in most performance specifications. 

Motorola range of products for high speed D/A conversion include the MC1 408 and the DAC08, 8-bit 
multiplying converters. 

These circuits have broken the cost barrier that up to now caused system designers to use alternate 
and often less efficient techniques. 

For very high speed D/A conversions, a circuit is now available: the 8-bit D/A converter MC10318 
operating at speeds above 25 MHz in MECL technology. It is aimed at the video, TV, radar, storage 
oscilloscope and communication markets. The MC1 0320, a triple 4-bit color palette video DAC is also 
to be introduced at time of printing. 

The MC 1441 10 and MC 1441 11 are hex and quad static D/A converters realized in CMOS techno- 
logy. Each converter featuring 6-bit resolution, consists of a 6-bit shift register, 6-bit latch and a sta- 
tic D/A converter. 

In addition, Motorola offers "building block" subsystems useful for implementation of the A/D con- 
version (ADC) function. These low cost devices allow the construction of high performance ADC's at 
a fraction of the cost of comparable modular units. 

The MC14433 is a high performance, low power 3 1 /2 digit A/D converter combining both linear CMOS 
and digital CMOS circuits on a single monolithic IC. The system forms a dual slope A/D converter with 
automatic zero correction and automatic polarity. 

A precision band gap voltage reference for critical instrumentation and D/A converter is also available. 
This is the MC1 503; low temperature drift is a prime design consideration. The output voltage is 
2.5 V with a temperature coefficient of 10 ppm (typ). 

There are also the MC1 504, a series available with 5.0 V, 6.25 V, 10 V output voltages and trim- 
mable output. This voltage reference family is extended with the MC1 500 series available with 2.5, 
5, 6.25 and 10 V output voltages with very low temperature coefficient (5 ppm/°C typ) and the 
TL431 programmable precision references, and the LM385 micropower voltage reference diodes. 

Motorola also has microprocessor based A/D Converter linear subsystem. The MC 14443 and 
MC 14447 devices are 6 channel, single slope, 8-10-bitA/D converters. Each device contains a 1 to 
8 decoder, an 8 channel analog multiplexer, a buffer amplifier, a precision voltage to current conver- 
ter, a ramp start circuit and a comparator. 
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INTRODUCTION (continued) 



Motorola announces availability of the MC1 45040/MC1 45041 analog to digital converters with 
serial interface. The device are low cost 8-bit A/D converters with serial interface parts that are com- 
patible with SPI, Microwire and other similar interfaces. 

The MC1 031 9, an 8-bit parallel high-speed flash A/D converter with overrange is now available. Applica- 
tions include video display and radar processing, high-speed instrumentation, and TV broadcast video 
encoding. An 8-bit MPU compatible A/D converter, the MC6108, has also been introduced for use in 
servo control or process systems and medium speed signal processing or wave form storage. 

Moreover, the MC1 0321 , a 7-bit low cost derivative of the MC1 031 9 for consumer-like applications, is 
to be introduced at time of printing. 
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Section 1 — Technology and 
Selector Guides 
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TYPICAL ACQUISITION/CONTROL SYSTEM 




How to choose a converter - check list. 

Before selecting a converter, the following questions have to be answered. 

— Which resolution is needed (6, 8, 10,... bit)? 

— Which accuracy is needed? 

— Which linearity/ 

— Which logic level (input, output)? 

— Which type of reference voltage, fixed, variable, internal, external? 

— Which speed is necessary? 

— Which settling time? 

— Which power supply stability? 

— Which operating temperature range is needed? 

— Which is the best performance/cost ratio? 
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D/A CONVERTERS 



A - BASIC D/A CONVERTER 

v = -V REF (^L + -^ + ^ + ...^- 



DIGITAL INPUT CODE 



MSB| I LSB | 



* 2R >2 R 



Where A N = "1" if A N is a high level 
A N = "0" if A N is a low level 

A basic D/A converter consists of a reference, a set of binary-weighted precision resistors and a set of switches. 
A way to reduce the resistance range is to use a limited number of repeated values with suitable attenuation carrying this 
reduction of resistance values all the way, one arrives at the R-2R ladder. 



B - D/A CONVERTER USING R-2R LADDER NETWORK 

If all bits but the « MSB» are off, the output voltage is: 
R 



MSB 
I 



v = 



2R 



"REF 



2 



If all bits but bit 2 are off, the output voltage is: 



v 



(-P/2RI V REF 



V„ = - iR 




Tha lumped resistance of all the LSB circuitry (to the left of bit 2) is 2R - 
Since the grounded MSB series resistance, 2R, has virtually no influence, 
beceuae tha amplifier summing point is virtual ground, the equivalent circuit 
is: 
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The same line of thinking can be employed to show that the N ,h bit produces an increment of 
output equal to 2" N V REF . 



C - KEY PARAMETERS 

Offset error 
Zero error 
Gain error 
Linearity error 
Monotonicity 
Absolute accuracy 



OFFSET ERROR. The deviation from the theoretical output 
with all internal D/A switches in the off state. A D/A con- 
verter that has only offset error displays a transfer function 
either to the right or left of the theoretical transfer function, 
but parallel to it. 

ZERO ERROR. Sometimes confused with offset error 
because both are the same and measured at O V. Zero error 
is the deviation from the theoretical output at V. 



LINEARITY ERROR (integral linearity). A measure of how 
straight a device's transfer function is. it indicates the worst- 
case deviation of straightness of the actual transfer function 
from the ideal straight line. It's normally spec'd in parts of an 
LSB, with 1/2 = LSB maximum error the criterion for a good 
device. 




IDEAL 

D/A conversion 



Offset error 



00000100 10001 1001 1 i i 
DIGITAL INPUT 




Linearity error 



00000100 1000 1 100 1 1 1 1 



GAIN ERROR. The deviation of the slope of the transfer 
function from its ideal value. The converter's offset is first 
adjusted to zero. Then the difference in full scale output be- 
tween the device voltage and the theoretical value is 
measured. Gain error is expressed as a percent of the 
device's output voltage. 



MONOTONICITY. This means that the analog output 
should increase for an increase in digital input. If the analog 
output decreases for an increasing input, the device is non- 
monotonic. Monotonicity is usually spec'd over a particular 
temperature range, which should at least equal the operating 
range. If integral linearity (see linearity error) is ± 1/2 LSB, 
over temperature monotonicity is guaranteed. 



ABSOLUTE ACCURACY. The deviation of actual output 
voltage from ideal output voltage for a given digital input, it 
includes all error sources, including gain, offset and linearity. 
It's usually expressed as a percent of fullscale range. 
Relative accuracy, which often appears on spec sheets, is 
equivalent to integral linearity, not absolute accuracy. 




Gain error 



0000 0100 1000 1100 1111 



DiCiTAl INPU1 




Monotonicity 



0000 O'OO iooo noo mi 
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D/A CONVERTER SELECTOR GUIDE 



Reso- 
lution 
(bits) 


Motorola 
Part 

Number 


Max. 
Linearity 
in % 

(@25°C) 


Settling 

Time 

ns 

(typ) 


Inter- 
nal 

Refer- 
ence 


Supplies 
(Volts) 


Inputs 


Package 
(Pins) 
L: Ceramic 
P: Plastic 
D: Soic 


Temp. 
Range 

(°C) 


Function 


6 


MC144110 


NA 


NA 


No 


+ 4,5 to + 1 5 


CMOS*, 
NMOS 


18, P 


to +65 


Hex static D/A 


MC144111 


14, P 


Quad static D/A 


8 


MC1408 


0.19 


300 


No 


+ 5, 
-5 to -15 


TTL, 
CMOS 


16, L, P 


to +70 


Multiplying 


MC1508 


0.19 


16, L 


-55 to +125 


8 


DAC-08H 


0.10 


85 


No 


+ 5,-15 


TTL. 
CMOS 
ECL 


1 6, L, P 


to +70 


High Speed 
Multiplying 


DAC-08Q 


0.19 


16, L 


-55 to +125 


DAC-08E 


0.19 


1 6, L, P, D 


to +70 


DAC-08C 


0.39 


16, L, P, D 


Oto +70 


8 


MC10318 


0.19 


10 


No 


-5.2 


ECL 


16, L 


Oto +70 


Very High Speed 
Multiplying 


3x4 


MC10320 
(see Note) 


1.56 


3 


Yes 


+ 5 
or 

±5 


TTL, 
ECL 


28, L 


Oto 70 


Video DAC 



Note: Device to be introduced at printing date. 
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AID CONVERTERS 



Technology and selector guide 

There are many techniques of A/D conversion, each having different characteristics and each favoring different applica- 
tions. The dual ramp technique of A/D conversion provides an inexpensive method of obtaining high accuracy which makes it 
ideal for DVM applications. 

A - THE DUAL SLOPE TECHNIQUE - THEORY AND PRACTICE 




mto numbers numbs r o» Clock 

Of CLOCK PULSES PULSES PROPORTIONAL 
TO V M 



LMC.I1AL Ol»t PUIS 



The dual ramp conversion cycle consists of two basic time periods - time period T1 results from the input unknown voltage 
being integrated for a fixed time interval. This integration results in the output voltage of the integrator being proportional to 
the input unknown voltage. At the end of the time period T1 , the voltage reference (Vref- is applied to the integrator, causing 
the integrator output voltage to decrease. This integration continues until the output voltage again reaches the zero reference 
level. This time period, T2, is the down ramp time period. 

Time period T1 is constant for each conversion time. The time interval T2 is dependent upon the input unknown voltage. 

V on capacitor is equal in T1 and T2. 



~kf T2 VlNDT ^f T3 

J T1 J T2 



Vref dt 



T2 = T1 



Vin 
VREF 



Vin ti = vref T2 



Looking at the four variables in the relationship, T1 is a fixed time period, T2 is measured from the start of the ramp down 
time period until the zero level is reached and Vref is calibrated into the system. The only remaining variable in the equation is 
Vin, which is the analog input to be determined. Thus by counting out a time period TI , measuring the down ramp time inter- 
val T2, and calibrating the reference voltage, the dual ramp A/D conversion technique determines the value of an analog input 
voltage. 



B - KEY PARAMETERS 


ii 


Quantization error 


a 

ii 


Linearity 




Differential non linearity 


|i 


Relative accuracy 


s i 


Gain error 




Gain temperature coefficient 




Offset error 




Offset temperature 






IDEAL 

A/D 

conversion 
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QUANTIZATION ERROR. This is the fundamental error 
associated with dividing a continuous (analog) signal into a 
finite number of digital bits. A 1 bit converter, for example, 
can only identify the input voltage to 1 part in 2", and there 
is an unavoidable output uncertainty of ± 1/2 LSB (Least 
Significant Bit). 

LINEARITY. The maximum deviation from a straight line 
drawn between the end points of the converter transfer 
function. It's usually expressed as a fraction of LSB size. A 
good converter has + 1/2 LSB 



DIFFERENTIAL NON-LINEARITY. This describes the 
variation in the analog value between adjacent pairs of 
digital numbers, over the full range of the digital output. If 
each transition is equal to 1 LSB, the differential non- 
linearity is clearly zero. If the transition is 1 LSB ± 1/2 LSB, 
then there is a differential linearity error of ± 1/2 LSB, but no 
possibility of missing codes. If the transition is 1 LSB ± 1 
LDB, then there is the possibility of missing codes. This 
means that the output may jump from, say 01 1 ... 111 to 
100. .. 001, missing out 100... 000. 



RELATIVE ACCURACY. The input to output error as a 
fraction of full scale, with gain and offset errors adjusted to 
zero. Relative accuracy is a function of linearity, and is usual- 
ly specified at less than ± 1/2 LSB. 

GAIN ERROR. The difference in slope between the actual 
transfer function and the ideal transfer function, expressed 
as a percentage. This error is generally adjustable to zero by 
adjusting the input resistor in a current-comparing suc- 
cessive approximation A/D. 



OFFSET ERROR. The mean value of input voltage re- 
quired to set zero code out. This error can generally be trim- 
med to zero at any given temperature, or is automatically 
zeroed in the case of a good integrating design. 




Linearity error 



Differential 
non-linearity 



Gain error 



Offset error 
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A/D CONVERTER SELECTOR GUIDE 



Reso- 
lution 
(bits) 


Motorola 
Part 

Number 


Max. 

Linearity 

in% 

(@25°C) 


Con- 
version 
Time 
(typ) 


Inter- 
nal 

Refer- 
ence 


Supplies 
(Volts) 


Output 

Logic 

Levels 


Package 
(Pins) 
L: Ceramic 
P: Plastic 
FN: Plastic 
quadpack 


Temp. 
Range 

(°C) 


Function 


8 


MC10319 


0.19 


40ns 


No 


-3 to -6 

+ 5 


TTL 


24, L 


to +70 


8 bit high 
speed A/D 
flash 

converter + 
overrange bit 
for direct 9 bit 
stack 


8 


MC6108 


0,10 


1.8/js 


Yes 


-5.2 
+ 5 


TTL 


28, P 


Oto +70 


8 bit A/D 
converter 
MPU 

compatible 


8 


MC14442 


0,19 


32^s 


No 


4.5 to 5.5 


TTL, 
CMOS, 

MMnC 

INMUo 


28, P, FN 


-40 to +85 


MPU bus 
compatible 


8-10 


MC14443 


0,5 


300/js 


No 


+ 4.5 to +18 


NMOS, 
CMOS 


16, P 


-40to +85 


MPU based 
A/D converter 
linear 
subsystem 


MC 14447 


3/2 
digits 


MC14433 


±0.05 


40ms 


No 


±4.5 to ±8 


CMOS, 
TTL 


24, P, FN 


-40 to +85 


3 1/2 Digit 
A/D converter 


8 


MC1 45040 


0,19 


10/js 


No 


4.5 to 5.5 


CMOS, 

TTL, 
NMOS 


L 


-55 to +125 


1 1 channels 
serial data 
interface 


MC1 45041 


20/is 


20 P, FN 


-40 to +85 


8 


MC1 45042 


Same as MC1 45040/41 but with 1 9 Analog Inputs and 28 pin package. 


MC 145043 
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VOLTAGE REFERENCE SELECTOR GUIDE 



Out- 
put 
Vol- 
tage 


Motorola 
Part 

Number 


Voltage 
Toler- 
ance 
max. Ta 
= 25°C 


Output 

Volt. 

Temp. 

Coeffic. 

over 

Temp. 

Range 

PPM/X 

max. 


Max. 

uuipui 

Volt. 

Change 

over 

Temp. 

Range 

mV 


Line 

Regulation 
mV 


Load 
Regula- 
tion 

0<10$ 
10 mA 
mV 


Input 
Voltage 
Range (V) 


Temp. 
Range 
Available 


Package 
U Cera- 
mic 

G Metal 
D Soic 


2.5 


MC1403 


±1% 


40 


7.0 


4.5 


10 


4.5 to 40 


to 70 


8, U, D 


MC1 503 


55 


25 


-55 to + 1 25 


8, U 


2.5 


MC1403A 


±1% 


25 


4.4 


4.5 


10 


4.5 to 40 


to +70 


8, U 


MC1 503A 


11 


-55 to +125 


Adj. 
2.5V to 
36V 


TL431 


±2% 


50 


17 






2.5 to 37 


Oto +70 
-40 to +85 
-55 to +125 


TO 92 
8, P 
8, U 
8, D 


1 .235V 


LM385 


±1% 


20 


10 






1 .25 to 40 


to +70 


TO 92 
8, D 


2.5V 


-40 to +85 
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Section 2 — Data Sheets 




Advance Information 



HIGH SPEED 8-BIT MULTIPLYING D-TO-A CONVERTER 

The DAC-08 series is a monolithic 8-bit high speed multiplying 
digital-to-analog converter, capabl&Jbf settling to within 1/2 LSB 
(0.19%) in 85 ns. Monotonic multiplying performance is retained 
over a wide 40-to-1 reference current range. Full scale and reference 
currents are matched to within 1 LSB, therefore eliminating the 
need for full scale trim in most applications. 

Dual complementry current outputs with high voltage compliance 
provide added versatility and allow differential mode of operation to 
effectively double the peak-to-peak output swing. In many appli- 
cations, output current-to-voltage conversion can be accomplished 
without requiring an external op amp. Noise-immune inputs permit 
direct interface with TTL and DTL levels when the logic threshold 
control, V|_c, (pin 1) is grounded. All other logic family thresholds 
are attainable by adjusting the voltage level of pin 1 . Performance 
characteristics are virtually unchanged over the entire ±4.5 V to 
±1 8 V power supply range. Power consumption is typically 33 mW 
with ±5.0 V supplies. 

The DAC-08 is available in several versions, with nonlinearity 
as tight as ±0.1% (±1/4 LSB) over temperature. All versions are 
guaranteed monotonic over 8 bits. For an extra margin of perfor- 
mance, Motorola utilizes thin-film resistors permitting very accurate 
resistive values which are extremely stable over temperature. 

High performance characteristics, along with low cost, make the 
DAC-08 an excellent selection for applications such as CRT displays, 
waveform generation, high-speed modems, and high-speed analog- 
to-digital converters. 

• Fast Settling Time — 85 ns 

• Full Scale Current Prematched to ±1 LSB 

• Nonlinearity Over Temperature to ±0.1 % Max 

• Differential Current Outputs 

• High Voltage Compliance Outputs -1 V to +1 8 V 

• Wide Range Multiplying Capability 

• Inputs Compatable With TTL, DTL, CMOS, PMOS, ECL, HTL 

• Low Full Scale Current Drift 

• Wide Power Supply Range ±4.5 V to ±18 V 

• Low Power Consumption 

• Thin-Film Resistors 

• Low Cost 



DAC-08 EQUIVALENT CIRCUIT 

(MSB) (LSB) 
V+ V LC B1 B2 B3 B4 B5 B6 B7 B8 




R R R R R R 



Compensation V- 



DAC-08 



HIGH SPEED 
8-BIT MULTIPLYING D-TO-A 
CONVERTER 

SILICON MONOLITHIC 
INTEGRATED CIRCUIT 




Q SUFFIX P SUFFIX 

CERAMIC PACKAGE PLASTIC PACKAGE 
CASE 620-02 CASE 648-06 



D SUFFIX 

PLASTIC PACKAGE 
CASE 751B-01 
SO-16- 




•Surface Mount pin-out is different than 
standard package pin-out for this device. 



PIT 


.OUT DIAGRAM 


Threshold 
Control p| 

(Vlo l — 




TT1 Compen- 
'"l sation 

Tj] V REF( _) 


v- [T 




T4I V REF(+) 


lout (T 




T7| V+ 


B1 [T 




TI] B8 (LSB) 


B2 [T 




TT) B7 


B3 [T 




To] B6 


B4 [T 




jTJ B5 









ORDERING INFORMATION 



Device 


Nonlinearity 


Temperature 
Range 


Package 


DAC 080- 


+ 19% 


-55X to +125T 


Ceramic 


DAC-08HQ 


±0.1% 


0°C to + 70°C 


Ceramic 


DAC-08EQ 


± 1 9% 


0°C to + 70°C 


Ceramic 


DAC-08HP 


1 % 


0°C to 70°C 


Plastic 


DAC-08EP 


±0.19% 


0°C to + 70°C 


Plastic 


DAC-08CP 


±0.39% 


0°C to + 70X 


Plastic 
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DS9681 



DAC-08 



MAXIMUM RATINGS (T A = 25°C unless otherwise noted) 



Rating 


Symbol 


Value 


Unit 


V+ Supply to V-Supply 




36 


V 


Logic Inputs 




V- to V- Plus 36 


V 


Logic Threshold Control 


v L c 


V- to V+ 


V 


Analog Current Outputs 


'out 


See Figure 7 


mA 


Reference Inputs (V1 4. VI 5| 


Vref 


V- to V+ 


V 


Reference Input Differential Voltage (V1 4 to V1 5) 


V REF(D) 


±18 


V 


Reference Input Current (1 14) 


!REF 


5.0 


mA 


Operating Temperature Range 
DAC-08 Q 

DAC-08HQ. EQ, HP, EP, CP 


t a 


-55 to +125 
to +70 


°C 


Storage Temperature 


Ta 


-65 to +150 


°C 


Power Dissipation 
Derate above 100°C 


pd 

r 6JA 


500 
10 


mW 

mW/°C 



ELECTRICAL CHARACTERISTICS (V s = ±15 V, l REF = 2.0 mA, T A = -55° C to +125° C, unless otherwise noted.) 







DAC-08 




Characteristic 


Symbol 


Min 


Typ 


Max 


Unit 


Resolution 




8 


8 


8 


Bits 


Monotonicity 




8 


8 


8 


Bits 


Nonlinearity, T A - 0°C to +70°C 


NL 






±0.19 


%FS 


Settling Time to ±1/2 LSB, Figure 24 


«s 


— 


85 


150 


ns 


(All Bits Switched On or Off, T A = 25°C, Note 1 ) 












Propagation Delay, Note 1 , T A = 25°C 
Each Bit 

All Bits Swtiched 


tPLH 
tPHL 


- 


35 
35 


60 
60 


ns 


Full Scale Tempco 


TCI FS 


— 


±10 


±80 


ppm/°C 


Output Voltage Compliance 
Full Scale Current Change < 1 /2 LSB, 


V C 


-10 


- 


+ 18 


V 


R ut > 20 megohm typ. 












Full Range Current 
(V REF =10.000V;R14,R15 = 5.000kn,T A =25 C) 


IFR4 


1.94 


1.99 


2.04 


mA 


Full Range Symmetry (lpR4 - IFR2) 


Ifrs 




-+1 


-+8 


MA 


Zero Scale Current 


'zs 




0.2 


2.0 


iuA 


Output Current Range 
V- = -5.0 V 


IOR1 







2.1 


mA 


V- = -8.0 V to -18 V 


'0R2 







4.2 




Logic Input Levels (V[_c = V) 
Logic "0" 
Logic "1 " 


V|L 
V|H 


2.0 




0.8 


V 


Logic Input Current {Vj_c = V) 

Logic Input "0" (V in = -10 V to +0.8 V) 
Logic Input "1 " (V in = +2.0 V to +18 V) 


l|L 
l|H 




-2.0 
0.002 


-10 
10 


fA 


Logic Input Swing, V- = -1 5 V 


V| S 


-10 




+ 18 


V 


Logic Threshold Range, V§ = ±1 5 V 


V THR 


-10 




+13.5 


V 


Reference Bias Current 


hs 




-1.0 


-3.0 


MA 


Reference Input Slew Rate {Note 1 ) Figure 1 9 


di/dt 


4.0 


8.0 




mA/juS 


Power Supply Sensitivity (Iref = 1 -0 mA ) 
V+ = 4.5 Vto 18 V 
V- = -4.5 V to -18 V 


PSSI FS+ 
PSSlFS- 




±0.0003 
±0.002 


±0.01 
±0.01 


%/% 


Power Supply Current 
V S = ±5.0 V, Iref = 1.0 mA 

V S = +5.0V, -15 V, Iref = 2.0 mA 


l+ 
I- 
1+ 




2.3 
-4.3 
2.4 


3.8 
-5.8 
3.8 


mA 




1- 




-6.4 


-7.8 




V S = ±15V, Iref =2.0 mA 


1+ 
1- 




2.5 
-6.5 


3.8 
-7.8 




Power Dissipation 
Vs = ±5.0 V, Iref= 1-0 mA 
Vs = +5.0 V, -1 5 V, Iref = 2.0 mA 
V S = ±15V, Iref = 2.0 mA 


PD 




33 
108 
135 


48 
136 
174 


mW 



Note 1 Parameter is not 1 00% tested; guaranteed by design. 
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ELECTRICAL CHARACTERISTICS (Vs = ±15 V, Iref = 2.0 mA, T A = 0°C to 70°C, unless otherwise noted.) 



Characteristic 


Symbol 


DAC-08H 


DAC-08E 




DAC-08C 


Unit 


Min 


Typ 


Max 


Min 


Typ 


Max 


Min 


Typ 


Max 


Resolution 


— 


8 


8 


8 


8 


8 


8 


8 


8 


8 


Bits 


Monotonicity 




8 


8 


8 


8 


8 


8 


8 


8 


8 


Bits 


Nonlinearity, T A = 0°C to +70°C 


NL 






±0.1 






±0.19 






±0.39 


%FS 


Settling Time to ±1 /2 LSB 
{All Bits Switched On or Off, 
T A = 25°C, Note 1 ) Figure 24 


•s 




85 


1 35 




85 


150 




85 


1 50 


ns 


Propagation Delay, Note 1, T A = 25°C 
Each Bit 

All Bits Swtiched 


tPLH 




35 
35 


60 
60 




JO 

35 


60 
60 




35 
35 


60 
60 


ns 


Full Scale Tempco 


TCIc<; 




±10 


±50 




±10 


±50 




±10 


±80 


/or 

PP Ml / \j 


Output Voltage Compliance 
Full Scale Current Change 
< 1/2 LSB, 

R out > 20 megohm typ. 


Vnr 


-10 




+ 18 


-10 




+ 1 8 


-10 




+ 18 




Full Range Current 
(V RE F= 10.000 V; 
R14, R15 = 5.000 kfl) 
T A = 25°C 


'FR4 


1.984 


1.992 


2.000 


1.94 


1.99 


2.04 


1.94 


1.99 


2.04 


mA 


Full Range Symmetry (lpR4 - Ifr2) 


Ifrs 


- 


±0.5 


±4.0 




±1.0 


±8.0 


- 


±2.0 


±16.0 


M A 


Zero Scale Current 


izs 




0.1 


1.0 




0.2 


2.0 




0.2 


4.0 


MA 


Output Current Range 

V-=-5.0V 

V- = -8.0 V to -18 V 


'OR1 
'OR2 








2.1 

4.2 








2.1 
4.2 








2.1 
4.2 


mA 


Logic Input Levels (V[_q -OV) 
Logic "0" 
Logic "1 " 


V|L 
V|H 


2.0 


— 


0.8 


2.0 


— 


0.8 
— 


2.0 


- 


0.8 


\j 


Logic Input Current (Vi_c - V) 
Logic Input "0" 

(V in = -10Vto +0.8 V) 
Logic Input "1 " 
(V in = +2.0Vto+18V) 


l|L 
l|H 


- 


-2.0 
0.002 


-10 
10 


- 


-2.0 
0.002 


-10 
10 




-2.0 
0.002 


-10 
10 


pA 


Logic Input Swing, V- = -1 5 V 


VlS 


-10 




+ 18 


-10 




+ 18 


-10 




+ 18 


V 


Logic Threshold Range, Vs = ±1 5 V 


V THR 


-10 




+ 13.5 


-10 




+ 13.5 


-10 




+ 13.5 


V 


Reference Bias Current 


h5 




-1.0 


-3.0 




-1.0 


-3.0 




-1.0 


-3.0 


«A 


Reference Input Slew Rate 
(Note 1) Figure 19 


dl/dt 


4.0 


8.0 




4.0 


8.0 




4.0 


8.0 




mA/^s 


Power Supply Sensitivity 
(l REF = 1.0 mA) 

V+ = 4.5 Vto 18 V 
V- = -4.5 Vto-18V 


PSSI FS + 
PSSIps- 


±0.0003 
±0.002 


±0.01 
±0.01 


- 


±0.0003 
±0.002 


±0.01 
±0.01 


- 


±0.0003 
±0.002 


±0.01 
±0.01 


- 


%/% 


Power Supply Current 
V s = ±5.0 V, Iref = 1-0 mA 

V S s +5.0 V, -1 5 V, l REF ■ 2.0 mA 

V S = ±15V. Iref =2.0 mA 


l+ 
I- 
l+ 
I- 
l+ 
I- 




2.3 
-4.3 

2.4 
-6.4 

2.5 
-6.5 


3.8 
-5.8 

3.8 
-7.8 

3.8 
-7.8 




2.3 
-4.3 

2.4 
-6.4 

2.5 
-6.5 


3.8 
-5.8 

3.8 
-7.8 

3.8 
-7.8 




2.3 
-4.3 

2.4 
-6.4 

2.5 
-6.5 


3.8 
-5:8 

3.8 
-7.8 

3.8 
-7.8 


mA 


Power Dissipation 
V S = ±5.0 V, Iref =1.0 mA 
V S = +5.0 V, -1 5 V, Iref = 2.0 mA 
V s = ±15 V, Iref = 2.0 mA 


PD 




33 
108 
135 


48 
136 
174 




33 
108 
135 


48 
136 
174 




33 
108 
135 


48 
136 
174 


mW 



Note 1. Parameter is not 100% tested; guaranteed by design. 
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TYPICAL PERFORMANCE CURVES 



FIGURE 1 - FULL SCALE CURRENT versus 
REFERENCE CURRENT 
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FIGURE 3 - REFERENCE INPUT FREQUENCY RESPONSE 
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FIGURE 2 - REFERENCE AMP 
COMMON MODE RANGE 
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FIGURE 4 - LSB PROPAGATION DELAY versus l FS 
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FIGURE 5 - LOGIC INPUT CURRENT versus 
INPUT VOLTAGE 
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FIGURE 6 - V TH - V LC versus TEMPERATURE 
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TYPICAL PERFORMANCE CURVES 



FIGURE 7 — OUTPUT CU 

OUTPUT VOLTAGE 
(Output Voltage Compliance) 
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FIGURE 9 — BIT TRANSFER CHARACTERISTICS 
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FIGURE 10 — POWER SUPPLY CURRENT versus V+ 
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LOGIC INPUT VOLTAGE (V) 

NOTE: B1-B8 have identical transfer characteristics. Bits arefully switched 
with less than 1 /2 LSB error, at less than ±100 mV from actual 
threshold. These switching points are guaranteed to lie between 
0.8 V and 2.0 V over operating temperature range (V LC = VI. 

FIGURE 1 1 - POWER SUPPLY CURRENT versus V- 
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FIGURE 12 — POWER SUPPLY CURRENT 
versus TEMPERATURE 
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BASIC CIRCUIT CONFIGURATIONS 



FIGURE 13 — RECOMMENDED FULL SCALE 
ADJUSTMENT CIRCUIT 



+ 10VO- 




DAC-08 



FIGURE 14 - POSITIVE LOW IMPEDANCE 
OUTPUT OPERATION 




255 

' FR ~"2T6~' REF 



If complemenuy output (Negative Logic DAC! operation is 
desired, connect inverting input of op amp to Iq (Pin 2) and 
ground Iq (Pin 4) 



FIGURE 15 — NEGATIVE LOW IMPEDANCE 
OUTPUT OPERATION 




v 
-o 



Oto -l FR - R L 



255 

lFR ra — !REF 
256 



If complementry output (NegativeLogic DAC) is desired, connect 
noninverting input of op amp to Iq (Pin 2) and ground Iq (Pm 4), 



FIGURE 17 — BASIC NEGATIVE REFERENCE 
OPERATION 



MSB LSB 
B2 B4 B6 B8 



Rref 



- v ref 




5 6 7 8 9 101112 
14 

DAC-08 
15 2 




vref 



Rref 



255 
256 



NOTE: Rref sets full scale current Ipp; R1 5 is for bias current 
cancellation. 



FIGURE 16 - BASIC POSITIVE REFERENCE 
OPERATION 



MSB LSB 
B2 B4 B6 B8 



+ V REF 



B1Y B3 

vref \ I T 

'REF »-(+) 




5 6 7 8 9 10 11 12\-«- 
14 4\-O l O 
DAC-08 > 

3 16 13 1 /•*- u 



(>v+ i 



lO + 'O = 'FR 'Of +VREF 

all logic states Ifr "■ 

RREF 



V+ OVls 



i 7pO,1 M F 
V+ J. 

255 



256 



For fixed reference. TTL operation, typical values are 
Vref = + 10.000 v c c = o.oi|iF 

RrEF= 5.000 k V LC = 0V(Ground) 

R15-=R REF 
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BASIC CIRCUIT CONFIGURATIONS 



FIGURE 18 - ACCOMMODATING BIPOLAR REFERENCES 
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IrEF ^ Peak Negative Swing of lj n 



+ v REF 



Rref 



v in 
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(Optional) 

RrEF — R1 5 + Vref must be above peak positive swing of Vj r 







FIGURE 19 - PULSED REFERENCE OPERATION 
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Typical Values: Rj n 5.0 k, +Vj n - 1 V 



FIGURE 20 - BASIC UNIPOLAR NEGATIVE OPERATION 
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BASIC CIRCUIT CONFIGURATIONS 



FIGURE 21 - BASIC BIPOLAR OUTPUT OPERATION 
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FIGURE 22 - OFFSET BINARY OPERATION 
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FIGURE 23 - INTERFACING WITH VARIOUS LOGIC FAMILIES 
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FIGURE 24 - SETTLING TIME MEASUREMENT CIRCUIT 
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OUTLINE DIMENSIONS 



nnn nnnnn 



LiUUUUUUU 




DIM 


MILUI. 


ETtftS 


INC 


HES 


MIN 


MAX 


MIN 


MAX 


A 


1905 


1991 


750 


780 


■ 


622 


698 


0.245 


0.275 


C 


406 


5 08 


0160 


0.2O0 





033 


051 


0.015 


0020 


F 


140 


165 


0.055 


0065 


G < 2.54 BSC 


0.10C 


BSC 


H 


051 


t 14 


0.020 


0.045 


J 


0.20 


0.30 


008 


0.012 


X 


3.18 


4.06 


0.125 


0.160 


L 


7.37 


787 


0.290 


0.310 


M 




15* I - 


IP 


N 


051 


■ u 020 


0O4O 



Q SUFFIX 

CERAMIC PACKAGE 
CASE 620-02 



ft r"i A i"i fi i"i fi rl 



DIM 


MILL* 


ETERS 


INCHES 


MIN 


MAX 


MIN 


MAX 


A 


18.80 


21.34 


0740 


0.840 


a 


610 


6.60 


0210 


260 


c 


3.69 


4.69 


146 


0185 


D 


38 


0.53 


0.015 


0021 


F 


102 


1.78 


0.04O 


0070 


G 


2 54 BSC 


0.10C 


BSC 


H 


0.38 


2.41 


0015 


095 


J 


0.20 


0.38 


0008 


0015 


K 


2.92 


343 


0.115 


0135 


L 


7 62 BSC 


300 BSC 


M 


0* 


10* 


tr 1 10* 


N 


039 


101 


015 . 0.040 



P SUFFIX 

PLASTIC PACKAGE 
CASE 648-06 



i B n fl n r fi 




DM 


MILUK 


ETERS 


INC 


tfS 


Mm 


MAX 


MIN 


MAX 


A 


9.78 


10.01 


0385 


0JB4 


8 


381 


4.01 


0150 


0.158 


C 


1.35 


175 


0053 


069 


D 


035 


0.46 


0014 


0018 


F 


0.67 


0.77 


0.026 


0030 


G 


1.27 BSC 


oost 


BSC 


J 


19 


0.22 


0.007 


0009 


« 


010 


0.20 


0004 


008 


L 


4.82 


521 


0189 


205 


1 


579 


620 


0228 


244 



D SUFFIX 

PLASTIC PACKAGE 
CASE 751B-01 
SO-16 
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MICROPOWER VOLTAGE REFERENCE DIODES 

The LM285/LM385 series are micropower two-terminal band- 
gap voltage regulator diodes. Designed to operate over a wide 
current range of 10 fiA to 20 mA, these devices feature excep- 
tionally low dynamic impedance, low noise and stable operation 
over time and temperature. Tight voltage tolerances are achieved 
by on-chip trimming. The large dynamic operating range enables 
these devices to be used in applications with widely varying sup- 
plies with excellent regulation. Extremely low operating current 
make these devices ideal for micropower circuitry like portable 
instrumentation, regulators and other analog circuitry where ex- 
tended battery life is required. 

The LM285/LM385 series are packaged in a low cost TO-226AA 
(TO-92) plastic case and are available in two voltage versions of 
1 .235 and 2.500 volts as denoted by the device suffix (see ordering 
information table). The LM285 is specified over a - 40°C to + 85°C 
temperature range while the LM385 is rated from 0°C to +70°C. 

• Operating Current from 10 ijA to 20 mA 

• 1.0%, 1.5%, 2.0% and 3.0% Initial Tolerance Grades 

• Low Temperature Coefficient 

• 1.0(1 Dynamic Impedance 

• Available in 1.235 and 2.500 Volt Versions 



EQUIVALENT CIRCUIT SCHEMATIC 






8.0 (1 




g NMjc 500 "j 1 



LM285 



MICROPOWER VOLTAGE 
REFERENCE DIODES 

SILICON MONOLITHIC 
INTEGRATED CIRCUIT 



Z SUFFIX 

CASE 29-02 
TO-226AA 
ITO-92) 
PLASTIC PACKAGE 





(Bottom View) 








ORDERING INFORMATION 



Device 


Temp. 
Range 


Reverse 
Break- 
down 

Voltage 


Tolerance 


LM285Z-1.2 


-40 °C 
to +85°C 


1.235 
Volts 


± 1 .0% 


LM28SZ-2.5 




2.500 
Volts 


±1.5% 


LM385BZ-1.2 


0°C to 
+ 70"C 


1.235 
Volts 


±1.0% 


LM385Z-1.2 




1.235 
Volts 


± 2.0% 


LM385BZ-2.5 




2.500 
Volts 


±1.5% 


LM385Z-2.5 




2.500 
Volts 


±3.0% 
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LM285, LM385 



MAXIMUM RATINGS (T A = + 25°C unless otherwise noted) 



Rating 


Symbol 


Value 


Unit 


Reverse Current 


IR 


30 


mA 


Forward Current 


if 


10 


mA 


Operating Ambient Temperature Range 
LM285 
LM385 


t a 


- 40 to + 85 
to +70 


X 


Operating Junction Temperature 


Tj 


+ 150 


°c 


Storage Temperature Range 


T stg 


-65 to +150 


■c 



ELECTRICAL CHARACTERISTICS (T A = 25° unless otherwise noted) 







LM285-1.2 


LM385-1.2/LM385B-1.2 




Characteristic 


Symbol 


Min 


Typ 


Max 


Min 


Typ 


Max 


Unit 


Reverse Breakdown Voltage 
IRmin « lR « 20 mA 

LM285-1.2/LM385B-1.2 
LM385-1.2 


V IBR)R 


1.223 


1.235 


1.247 


1.223 
1.205 


1.235 
1.235 


1.247 
1.260 


V 


Minimum Operating Current 
( T A = T| w 'o Thigh Note 1) 


'Rmin 




2.5 


10 




2.5 


15 


nA 


Reverse Breakdown Voltage Change with Current 
IRmin « lR « 10 mA,T A = +25"C 

TA = T|ow to T nign (Note 1) 
1.0 mAsl R « 20 mA, T A = + 25X 

TA = T| ow to T niph (Note 1) 


AV( BR )/AIr 






1.0 
1.5 
10 
20 






1.0 
1.5 
20 
25 


mV 


Reverse Dynamic Impedance 
Ir = 100 /jA, T A = +25°C 
Ta = T| ow to T nigh (Note 1) 


Z 




0.2 


0.6 
1.5 




0.4 


1.0 
1.5 


n 


Average Temperature Coefficient 

10 tiA « Ir « 20 mA, T A = T| owv to Thjqh (Note 1) 


AV (B R)/AT 




20 






20 




ppm/°C 


Wideband Noise (RMS) 

Ir = 100 (jA, 10 Hz « f s 10 kHz 


n 




60 






60 




M V 


Long Term Stability 

Ir = 100 mA, T A = + 25°C ±0.1°C 


S 




20 






20 




ppm/kHR 



ELECTRICAL CHARACTERISTICS [T A = 25° unless otherwise noted) 







LM285-2.5 


LM385-2.5/LM385B-2.5 






Symbol 


Min 


Typ 


Max 


Min 


Typ 


Max 


Unit 


Reverse Breakdown Voltage 
20 <iA « Ir « 20 mA 

LM285-2.5/LM385B-2.5 
LM385-2.5 


V(BR)R 


2.462 


2.5 


2.538 


2.462 
2.425 


2.5 
2.5 


2.538 
2.575 


V 


Minimum Operating Current 
TA = T|ow'° Thigh (Note 1) 


'Rmin 




5.0 


20 




5.0 


20 




Reverse Breakdown Voltage Change with Current 
20 pA s Ir s 1.0 mA, T A = +25°C 

T A = T low t» Thigh (Note 1) 
1.0 mA s Ir s 20 mA, T A = + 25°C 
T A = T low to Thigh (Note 1) 


AV(BR)/ 
AIR 






1.0 
1.5 
10 
20 






2.0 
2.5 
20 
25 


mV 


Reverse Dynamic Impedance 
Ir = 100 fiA, T A = +25°C 
T A = T low to Thigh (Note 1) 


Z 




0.2 


0.6 
1.5 




0.4 


1.0 
1.5 





Average Temperature Coefficient 
20 iiA « Ir « 20 mA, T A = T| ow to Thigh (Note 1) 


AV(BR)' 
AT 




20 






20 




ppm/°C 


Wideband Noise (RMS) 
Ir = 100 fiA, 10 Hz s f s 10 kHz 


n 




120 






120 




M v 


Long Term Stability 
Ir = 100 iiA. T A = +25"C ±0.1°C 


S 




20 






20 




ppm/kHR 



NOTES: 1. T low = -40T for LM285-1.2, LM285-2 5 T h i g h = +86X for LM285-1.2, LM285-2.5 

= OX for LM385-1.2, LM385B-1.2, LM385-2.S. LM385B-2.5 - +70X for LM385-1.2, LM385B-1.2, LM385-2.5, LM385B-2.S 
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LM285, LM385 



TYPICAL PERFORMANCE CURVES FOR LM2852.5/385-2.5/385B-2.5 
FIGURE 7 — REVERSE CHARACTERISTICS 




0.5 1.0 1.5 2.0 2.5 3.0 
V (BR) , REVERSE VOLTAGE (VI 



FIGURE 8 — REVERSE CHARACTERISTICS 




1.0 10 
Ir, REVERSE CURRENT (mAI 



FIGURE 9 — FORWARD CHARACTERISTICS 



FIGURE 10 — TEMPERATURE DRIFT 




0.1 1.0 

lp, FORWARD CURRENT (mA) 



100 



2.520 


















2.510 
2.500 
2.490 












IR - 


OOjlA 




































2.480 


















2.470 


































2.460 
7450 



















-50 



-25 25 50 75 100 125 
T A , AMBIENT TEMPERATURE (°CI 



FIGURE 11 — NOISE VOLTAGE 




1.0 K 

f, FREQUENCY (Hz) 



FIGURE 12 — RESPONSE TIME 




0.1 0.2 0.3 0.6 0.7 0.8 0.9 1.0 1.1 
t, TIME Imsl 
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LOW-VOLTAGE REFERENCE 

A precision band-gap voltage reference designed for critical 
instrumentation and D/A converter applications. This unit is 
designed to work with Motorola MC1506, MC1508, and MC3510 
D/A converters, and MC14433 A/D systems. Low temperature drift 
is a prime design consideration. 

• Output Voltage = 2.5 V 125 mV 

• Input Voltage Range = 4.5 V to 40 V 

• Quiescent Current * 1,2 mA typ 

• Output Current = 10 mA 

• Temperature Coefficient = 10ppm/°Ctyp 

• Guaranteed Temperature Drift Specification 

• Equivalent to AD580 

• Standard 8 Pin DIP Package 

Typical Applications 

• Voltage Reference for 8 - 12 Bit D/A Converters 

• Low Tc Zener Replacement 

• High Stability Current Reference 

• Voltmeter System Reference 



MAXIMUM RATINGS (T A = 25°C unless otherwise noted.) 



PRECISION LOW VOLTAGE 
REFERENCE 

LASER TRIMMED 
SILICON MONOLITHIC 
INTEGRATED CIRCUIT 



U SUFFIX 

CERAMIC PACKAGE 

CASE 693 



















Tj NC 


Gnd £3 




TJ NC 


NC jT 




TJ NC 




Rating 


Symb 


ol 


Value 


Unit 


Input Voltage 


V| 




40 


V 


Storage Temperature 


T stg 




-65 to 150 


°c 


Junction Temperature 


Tj 




* 175 


°c 


Operating Ambient Temeprature Range 
MCI 503, A 
MC1403.A 


T A 




-55 to > 125 
to * 70 


°c 
°c 



ORDERING INFORMATION 


Device 


Temperature 
Range 


Package 


MC1503U 


-55 to » 125°C 


Ceramic DIP 


MC1503AU 


-65 to tl25°C 


Ceramic DIP 


MC1403U 


to -t70°C 


Ceramic DIP 


MC1403AU 


to ♦ 70°C 


Ceramic DIP 



MCI 403 
Series 



FIGURE 1 - A REFERENCE FOR MOTOROLA MONOLITHIC D/A CONVERTERS 

Full 

Scale . — — ; . 

Adjust I 

500 n I 
o h 



1.0 k 
2 5 V 



-^^/v 1- 



FI2 



1 iF J_ 

1 




Pir*s IMunitiers for 
MC1508 1408-3408 
Series, device 
could also he 
MC1506/1406 or MC351Q/3410 



.J 



PROVIDING THE REFERENCE CURRENT 

FOR MOTOROLA MONOLITHIC D/A CONVERTERS 



The MC1403/1503 makes an ideal reference for the 



Motorola monolithic D/A converters. The 



MC1408/1508, MC3410/3510 and MC3408 D/A converters all 



require a stable current reference of nominally 



can be easily obtained from the MC1403/1503 with the 



addition of a series resistor, Rl. A variable 



IC1406/1506, 



2.0 mA. This 



esistor, R2. is 



recommended to provide means for full-scale adjust on the 
D/A converter. 

The resistor R3 improves temperature performance by 
matching the impedance on both inputs of the D/A reference 
amplifier. The capacitor decouples any noise present on the 
reference line. It is essential if the D/A converter is located any 
appreciable distance from the reference. 

A single MC1403/1503 reference can provide the required 
current input for up to five of the monolithic D/A converters. 
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MC1403.A • MC1503.A 



ELECTRICAL CHARACTERISTICS (V| - 15 V.T A - 25°C unless otherwise noted.) 



Charactarittic 


iymooi 


Min 


■VP 


Max 


Unit 


Output Voltage 


v 


2.475 


2.50 


2.525 


V 


Il0 " mAI 












Temperature Coefficient of Output Voltage 


AV /AT 








ppm/°C 


MC1503 




- 




55 




MCI 503 A 




- 




25 




MCI 403 




- 


10 


40 




MC1403A 




- 


10 


25 




Output Voltage Change 


oVq 








mV 


lover specified temperature range) 












MC1503 j _ 55 o c , 0+ , 2s o c 






- 


25 




MCI 503 A » 








1 1 




MC1403 1 „<,„ ^-.-j,- 
t 0°Cto+70°C 








7.0 




MC1403A 1 








4.4 




Line Regulation 


R«9,n 








mV 


(15 V < V, < 40 V) 




1.2 


4.5 




I4.5 V < V| < 15 V) 






0.6 


3.0 




Load Regulation 


fesioad 






10 


mV 


10 mA < l < 10 mAI 












Quiescent Current 


k 




1.2 


1.6 


mA 


ll = 0mA) 













FIGURE 2 - MC1403/1503 SCHEMATIC 
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MC1403.A • MC1503.A 



FIGURE 3 - TYPICAL CHANGE IN V out versus V jn 
(NORMALIZED TO V in = 15 V © T C = 25°C) 



FIGURE 4 - CHANGE IN OUTPUT VOLTAGE 
v«rsus LOAD CURRENT 
(NORMALIZED TO V out <S> V in - 15 V. l ou , - mA) 




10 20 30 

Vi„, INPUT VOLTAGE (VOLTS) 



FIGURE 5 - QUIESCENT CURRENT versus TEMPERATURE 
(V in ' 15 V. l out = mAl 

1.25 





30 4 50 6 7 
'out- OUTPUT CURRENT ImAI 



FIGURE 6 — CHANGE IN V out versus TEMPERATURE 
(NORMALIZED TO V out » V in » 15 V) 
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T A . TEMPERATURE ("CI 



-50, -25 



25 50 75 100 
T A . TEMPERATURE l°C) 



FIGURE 7 - CHANGE IN V ou , versus TEMPERATURE 
(NORMALIZED TO T A @ V jn - 15 V, l out - mAl 
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> 
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s 


-4 


Z 




< 




X 


6.0 


<_> 


o 

> 


-8.0 








-10 
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7 mA 
5 mA 






































8 mA 























25 50 75 100 125 150 175 
T A . TEMPERATURE (°CI 
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OUTLINE DIMENSIONS 



- SEATING PLANE 



01W 


MILLIMETERS 


INCHES 


HIN 


MAX 


WIN 


MAX 




9 91 


10 97 


g.w 


0«W 




611 


fi.pl 


674S 


o:?5 




til 




0,1 H 


OIW 




41 




0016 


0070 


1 40 


. i ss 


OOSS 


065 




2M 


esc 


0100 ISC 




1 14 


us 


04S 


am 




D7t 


0.30 


ooa 


0012 




111 


40f 


oin 


0160 








o?« 


0310 


WEI 


■ Ml 


■; a 

■El 







NOTES 

I LEADS WITHIN 13mm (0 00*, 
HAD Of THUE POSITION AT 
SEATING PLANE AT MAXIMUM 
MATERIAL CONDITION 

1 DIMENSION "L" TO CENTER 
OF LEADS WHEN FOAMED 
PARALLEL 



CASE 693 
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MC1403.A . MC1503.A 



3-1/2-DIGIT VOLTMETER - COMMON ANODE 
DISPLAYS. FLASHING OVERRANGE 

An example of a 3-1/2-digit voltmeter using the 
MC14433 is shown in the circoit diagram of Figure 8. 
The reference voltage for the system uses an MC1403 
2.5 V reference IC. The full scale potentiometer can 
calibrate for a full scale of 199.9 mV or 1.999 V. When 
switching from 2 V to 200 mV operation, R| is also 
changed, as shown on the diagram. 

When using Rc equal to 300 kS2, the clock frequency 
for the system is about 66 kHz The resulting conversion 
time is approximately 250 ms. 

When the input is overrange, the display flashes on 
and off. The flashing rate is one-half the conversion rate. 



This is done by dividing the EOC pulse rate by 2 with 
1/2 MC14013B flip-flop and blanking the display using 
the blanking input of the MC14543B. 

The display uses an LED display with common anode 
digit lines driven with an MC14543B decoder and an 
MC1413 LED driver. The MC1413 contains 7 Darlington 
transistor drivers and resistors to drive the segments of 
the display. The digit drive is provided by four MPS-A12 
Darlington transistors operating in an emitter-follower 
configuration. The MC14543B, MC14013B and LED 
displays are referenced to Vee u ' a P' n 13 of the MC14433. 
This places the full power supply voltage across the 
display. The current for the display may be adjusted by 
the value of the segment resistors shown as 150 ohms 
in Figure 8. 



FIGURE 8 - 3 1/2 DIGIT VOLTMETER 



• 5V o-£ — 



"01)|F aopkr 

T Rc i 



1 W f • 



0.1(|F 



1 1 10 2 12 24 

23 
22 
21 
20 

5 

6 MC14433 



15 19 18 17 16 



* R, - 470 kfi for 2 V Rang. 
R| - 27 kll for 200 mV Rang* 
• 'Mylar Capacitor 



^ ;;0 1>,F 
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2 
3 
5 
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O 

3 J 14 
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yJ 



Segment. Resistors 
150!! 17) 



-5 
-5V » 



f 9 e d c b 



2oon 

MPS A12 PI"S Sign 



51 k 

MC14013B , 5V 



Common 
A node 
LED 
D ispla< 



+ IBBB 



3^ 



■JmJ \J "J sJ 



MPS 
A12 
(4) 
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Specifications and , 


Applications 


Informati 


on 



MC1408 
MC1508 



EIGHT-BIT MULTIPLYING 
DIGITAL-TO-ANALOG CONVERTER 

. . . designed for use where the output current is a linear product 
of an eight-bit digital word and an analog input voltage. 

• Eight-Bit Accuracy Available in Both Temperature Ranges 

Relative Accuracy: ±0.19% Error maximum 
(MC1408L8, MC1408P8, MC1508L8) 

• Fast Settling Time — 300 ns typical 

• Noninverting Digital Inputs are MTTL and 

CMOS Compatible 

• Output Voltage Swing - +0.4 V to -5.0 V 

• High-Speed Multiplying Input 

Slew Rate 4.0 mA/fis 

• Standard Supply Voltages: + 5.0 Vi 

-5.0 V to -15 V 



EIGHT-BIT MULTIPLYING 
DIGITAL-TO-ANALOG 
CONVERTER 

SILICON MONOLITHIC 
INTEGRATED CIRCUIT 











L SUFFIX 




CERAMIC PACKAGE 




CASE 620 






PSUFFIX 




PLASTIC PACKAGE 




CASE 648 



FIGURE 2 - BLOCK DIAGRAM 



FIGURE 1 - D-to-A TRANSFER CHARACTERISTICS 




RANGE 
CONTROL 



lO A20 A3C A40 ASO A60 A7Q A80 

I 5 I 6 I' T« |a I'Q I" \> 



Current Switches 



R 2 R Ladder 


Btas Circuit 

1 







GND 



NPN Current 
Source Pair 







TYPICAL APPLICATIONS 


• 


Tracking A-to-D Conve 


ters 


• 


Audio Digitizing and Decoding 


• 


Successive Approximat 


on A-to-D Converters 


• 


Programmable Power Supplies 


• 


2 1/2 Digit Panel Meters and DVM's 


• 


Analog-Digital Multiplication 


• 


Waveform Synthesis 




• 


Digital-Digital Multiplication 


• 


Sample and Hold 




• 


Analog-Digital Division 


• 


Peak Detector 




• 


Digital Addition and Subtraction 


• 


Programmable Gain and Attenuation 


• 


Speech Compression and Expansion 


• 


CRT Character Generation 


• 


Stepping Motor Drive 
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MCI 408 • MC1508 



MAXIMUM RATINGS (T A = +25°C unless otherwise noted, I 



Rating 


Symbol 


Value 


Unit 


Power Supply Voltage 


v C c 
vee 


+5.5 
-16.5 


Vdc 


Digital Input Voltage 


V5 thru V12 


to +5.5 


Vdc 


Applied Output Voltage 


vo 


+0.5.-5.2 


Vdc 


Reference Current 


'14 


5 




Reference Amplifier Inputs 


V14.V15 


VCC.VEE 


Vdc 


Operating Temperature Range 

MC1508 
MCI 408 


T A 


-55 to +125 
to +75 


°C 


Storage Temperature Range 


T stg 


-65 to +150 


°C 



ELECTRICAL CHARACTERISTICS <V C c = +5.0 Vdc, V EE = -15 Vdc, = 2.0 mA, MC1508L8: T A = -55°C to +125°C. 
MC1408L Series: = to +75°C unless otherwise noted. All digital inputs at h'igh logic level.) 



Characteristic 


Figure 


Symbol 


Min 


Typ 


Max 


Unit 


Relative Accuracy (Error relative to full scale Iq) 
MC1508L8, MC1408L8. MC1408P8 


4 


E r 


- 


- 


±0.19 


% 


Settling Time to within t1/2 LSBlincludes tp|_H]n" A =+25°CISee Note 


5 


<S 


- 


300 




ns 


Propagation Delay Time 
T A = +25°C 


5 


tPLH-tPHL 




30 


100 


ns 


Output Full Scale Current Drift 




TCI 




-20 




PPM/°C 


Digital Input Logic Levels (MSB) 
High Level, Logic "1" 
Low Level, Logic "0" 


3 


V|H 
V|L 


2.0 




0.8 


Vdc 


Digital Input Current (MSBI 
High Level, V| H = 5.0 V 
Low Level, V| L » 0.8 V 


3 


*m 

IlL 


- 



-0.4 


0.04 
-0.8 


mA 


Rofpronre 1 nnn f Riac f^nrront (Pin 1^1 

neicic'iixC input Did) vunciii \t 111 ut 


3 


■15 




-1 .0 


-5 


mA 


Output Current Range 
V E £ * -5.0 V 
Vee " -15 V. T A = 25°C 


3 


'OR 






2.0 
2.0 


2.1 
4.2 


mA 


Output Current 
V ref = 2.000 V. R14 = 1000 n 


3 


'O 


1.9 


1.99 


2.1 


mA 


Output Current 
(All bits low) 


3 


'O(min) 







4.0 




Output Voltage Compliance (E r <0.19% at T A = +25°CI 
Pin 1 grounded 
Pin 1 open, Vee below -10 V 


3 


vo 






-0.55, +0.4 
-5.0, +0.4 


Vdc 


Reference Current Slew Rate 


6 


SR l re f 




4.0 




mA/us 


Output Current Power Supply Sensitivity 




PSRR(-) 




0.5 


2.7 


uA/V 


Power Supply Current 
(All bits low) 


3 


ice 

'EE 




+13.5 
-7.5 


+22 
-13 


mA 


Power Supply Voltage Range 
(T A - +25°C) 


3 


V CCR 
VEER 


+4.5 
-4.5 


+5.0 
-15 


+5.5 
-16.5 


Vdc 


Power Dissipation 
All bits low 

V£E = -5-0 Vdc 
V EE = -15Vdc 


3 






105 
190 


170 
305 


mW 


All bits high 

V E E =-5 Vdc 

v E e ■ -is vdc 








90 
160 







Note All bits switched. 
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MC1408 • MCI 508 



TEST CIRCUITS 
FIGURE 3 - NOTATION DEFINITIONS TEST CIRCUIT 



Typical Values R14 = R15=1k 
V ref = +2.0 V 
l 14 C = 15 pF 

R14 



V| and l| apply to inputs A1 
thru A8 

The resistor tied to pin 15 is to temperature compensate the 
bias current and may not be necessary for all applications. 

r Al A2 A3 A4 A5 A6 A7 AS , 



and Am = "I" if An is at high level 
A N = "0" if Am is at low level 




Error ( 1 V = 1 %) 



FIGURE 5 - TRANSIENT RESPONSE and SETTLING TIME 




2 4 V \f 
0.4 V | ' » ' _ 



0.7 V 
SETTLING TIME 
•o for F'8ur« 5 



For settling time 
measurement. 
(AU bits switched 
low to high) 



TRANSIENT 
RESPONSE 

-too 

mV 




UN R|_ to GND tor 
turn off 

m»iiurement (tee t«xt). 



J- R L - 50 SI 
J pin 4 to GN 
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MC1408 • MCI 508 



TEST CIRCUITS (continued! 



FIGURE 6 - REFERENCE CURRENT SLEW 
RATE MEASUREMENT 




SCOPB 



dl I dV 10% 
dt n L dt 



THERMAL INFORMATION 

The maximum power consumption an integrated circuit 
can tolerate at a given operating ambient temperature, can 
be found from the equation: 

_Tj( max )-TA 
PD|TAl= ROJA(Typ) 

Where: Pd(TaI = Power Dissipation allowable at a given 
operating ambient temperature. This must be greater than 
the sum of the products of the supply voltages and supply 
currents at the worst case operating condition. 

Tj(max) ■ Maximum Operating Junction Temperature 

as listed in the Maximum Ratings Section 
Ta = Maximum Desired Operating Ambient 
Temperature 

RnjA(Typ) • Typical Thermal Resistance Junction to 
Ambient 



FIGURE 7 - POSITIVE V ref 



A2<£- 


9 13 


RI4 = R15 
,« R14 


A3oZ- 




O w. 1 • | 

15 


A 5 <>2- 
A6 0^ 


MC1408 
MCI 608 


, HIS 


A7<>li- 
ABO^U 




16 q '° I 
See taut for val 

sate 



FIGURE 8 - NEGATIVE V„» 

«cc 

R14 3a R15 




l-'v,., 



See text for values at C 



OUTLINE DIMENSIONS 



Www 




-.mi- 



CASE 620-02 
SUFFIX 
CERAMIC PACKAGE 



NQ1ES 

1 LEADS WITHIN 013 mm |0 005) RADIUS 
Of TRUE POSITION AT SEATING PLANE 
AT MAXIMUM MATERIAL CONDITION 

2 PKG INDEX NOTCH IN LEAO 
NOTCH IN CERAMIC OR INK DOT 

3 DIM "L" TO CENTER Of LEADS 
WHEN FORMED PARALLEL 



DIM 


MILLIMfURS 
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FIGURE 9 - MC1408, MC1508 SERIES EQUIVALENT 
CIRCUIT SCHEMATIC 

DIGITAL INPUTS 




3S0 380 
I 1— 
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CIRCUIT 

The MC1408 consists of a reference current amplifier, an 
R-2R ladder, and eight high-speed current switches. For many 
"applications, only a reference resistor and reference voltage need 
be added. 

The switches are noninverting in operation, therefore a high 
state on the input turns on the specified output current component. 
The switch uses current steering for high speed, and a termination 
amplifier consisting of an active load gain stage with unity gain 
feedback. Theterminationamplifierholdsthe parasitic capacitance 
of the ladder at a constant voltage during switching, and provides 



a low impedance termination of equal voltage for all legs of 
the ladder. 

The R-2R ladder divides the reference amplifier current into 
binarily-related components, which are fed to the switches. Note 
that there is always a remainder current which is equal to the 
least significant bit. This current is shunted to ground, and the 
maximum output current is 255/256 of the reference amplifier 
current, or 1.992 mA for a 2.0 mA reference amplifier current 
if the NPN current source pair is perfectly matched. 
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GENERAL INFORMATION 



Reference Amplifier Drive and Compensation 

The reference amplifier provides a voltage at pin 14 for con- 
verting the reference voltage to a current, and a turn-around circuit 
or current mirror for feeding the ladder. The reference amplifier 
input current, 114, must always flow into pin 14 regardless of the 
setup method or reference voltage polarity. 

Connections for a positive reference voltage are shown in Figure 
7. The reference voltage source supplies the full current 114. For 
bipolar reference signals, as in the multiplying mode, R15 can be 
tied to a negative voltage corresponding to the minimum input 
level. It is possible to eliminate R15 with only a small sacrifice 
in accuracy and temperature drift. Another method for bipolar 
inputs is shown in Figure 25. 

The compensation capacitor value must be increased with in- 
creases in R14 to maintain proper phase margin; for R14 values 
of 1.0, 2.5 and 5.0 kilohms, minimum capacitor values are 15, 
37, and 75 pF. The capacitor should be tied to V EE as this in- 
creases negative supply rejection. 

A negative reference voltage may be used if R14 is grounded 
and the reference voltage is applied to R15 as shown in Figure 8. 
A high input impedance is the main advantage of this method. 
Compensation involves a capacitor to V|=e on pin 16, using the 
values of the previous paragraph. The negative reference voltage 
must be at least 3.0-volts above the Vee supply. Bipolar input 
signals may be handled by connecting R14 to a positive reference 
voltage equal to the peak positive input level at pin 15. 

When a dc reference voltage is used, capacitive bypass to ground 
is recommended. The 5.0-V logic supply is not recommended as 
a reference voltage. If a well regulated 5.0-V supply which drives 
logic is to be used as the reference, R14 should be decoupled by 
connecting it to +5.0 V through another resistor and bypassing 
the junction of the two resistors with 0.1 mF to ground. For 
reference voltages greater than 5.0 V, a clamp diode is recommen- 
ded between pin 14 and ground. 

If pin 14 is driven by a high impedance such as a transistor 
current source, none of the above compensation methods apply 
and the amplifier must be heavily compensated, decreasing the 
overall bandwidth. 

Output Voltage Range 

The voltage on pin 4 is restricted to a range of -0.55 to +0.4 
volts at +25°C, due to the current switching methods employed 
in the MC1408. When a current switch is turned "off", the posi- 
tive voltage on the output terminal can turn "on" the output 
diode and increase the output current level. When a current switch 
is turned "on", the negative output voltage range is restricted. 
The base of the termination circuit Darlington transistor is one 
diode voltage below ground when pin 1 is grounded, so a negative 
voltage below the specified safe level will drive the low current 
device of the Darlington into saturation, decreasing the output 
current level. 

The negative output voltage compliance of the MC1408 may 
be extended to -5.0 V volts by opening the circuit at pin 1. The 
negative supply voltage must be more negative than -10 volts. 
Using a full scale current of 1.992 mA and load resistor of 2.5 
kilohms between pin 4 and ground will yield a voltage output 
of 256 levels between and -4.980 volts. Floating pin 1 does 
not affect the converter speed or power dissipation. However, the 
value of the load resistor determines the switching time due to 
increased voltage swing. Values of Rl<JP to 500 ohms do not sig- 
nificantly affect performance, but a 2.5-kilohm load increases 
"worst case" settling time to 1.2 ms (when all bits are switched on). 



Refer to the subsequent text section on Settling Time for more 
details on output loading. 

If a power supply value between -5.0 V and -10 V is desired, 
a voltage of between and -5.0 V may be applied to pin 1. The 
value of this voltage will be the maximum allowable negative out- 
put swing. 

Output Current Range 

The output current maximum rating of 4.2 mA may be used 
only for negative supply voltages typically more negative than 
-8.0 volts, due to the increased voltage drop across the 350-ohm 
resistors in the reference current amplifier. 

Accuracy 

Absolute accuracy is the measure of each output current level 
with respect to its intended value, and is dependent upon relative 
accuracy and full scale current drift. Relative accuracy is the 
measure of each output current level as a fraction of the full scale 
current. The relative accuracy of the MC1408 is essentially 
constant with temperature due to the excellent temperature track- 
ing of the monolithic resistor ladder. The reference current may 
drift with temperature, causing a change in the absolute accuracy 
of output current. However, the MC1408 has a very low full 
scale current drift with temperature. 

The MC1408/MC1508 Series is guaranteed accurate to with- 
in ±1/2 LSB at +25°C at a full scale output current of 1.992 mA. 
This corresponds to a reference amplifier output current drive to 
the ladder network of 2.0 mA, with the loss of one LSB = 8.0 mA 
which is the ladder remainder shunted to ground. The input current 
to pin 14 has a guaranteed value of between 1.9 and 2.1 mA, 
allowing some mismatch in the NPN current source pair. The 
accuracy test circuit is shown in Figure 4. The 12-bit converter 
is calibrated for a full scale output current of 1.992 mA. This is 
an optional step since the MC1408 accuracy is essentially the 
same between 1.5 and 2.5 mA. Then the MC1408 circuits' full 
scale current is trimmed to the same value with R 14 so that a zero 
value appears at the error amplifier output. The counter is activated 
and the error band may be displayed on an oscilloscope, detected 
by comparators, or stored in a peak detector. 

Two 8-bit D-to-A converters may not be used to construct a 
16-bit accurate D-to-A converter. 16-bit accuracy implies a total 
error of ±1/2 of one part in 65, 536, or ±0.00076%, which is much 
more accurate than the ±0.19% specification provided by the 
MC1408x8. 



Multiplying Accuracy 

The MC1408 may be used in the multiplying mode with 
eight-bit accuracy when the reference current is varied over a range 
of 256:1. The major source of error is the bias current of the 
termination amplifier. Under "worst case" conditions, these eight 
amplifiers can contribute a total of 1.6 nA extra current at the 
output terminal. If the reference current in the multiplying mode 
ranges from 16 mA to 4.0 mA, the 1.6 mA contributes an error 
of 0.1 LSB. This is well within eight-bit accuracy referenced to 
4.0 mA. 

A monotonic converter is one which supplies an increase in 
current for each increment in the binary word. Typically, the 
MC1408 is monotonic for all values of reference current above 
0.5 mA. The recommended range for operation with a dc reference 
current is 0.5 to 4.0 mA. 
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GENERAL INFORMATION (Continued) 



Settling Time 

The "worst case" switching condition occurs when all bits are 
switched "on", which corresponds to a low-to-high transition for 
all bits. This lime is typically 300 ns for settling to within ±1/2 
LSB. for 8-bit accuracy, and 200 ns to 1/2 LSB for 7 and 6-bit 
accuracy. The turn off is typically under 100 ns. These times 
apply when Rl ^500 ohms and Cq ^25 pF. 

The slowest single switch is the least significant bit, which turns 
"on" and settles in 250 ns and turns "off" in 80 ns. In applica- 
tions where the D-to-A converter functions in a positive-going 
ramp mode, the "worst case" switching condition does not occur, 
and a settling time of less than 300 ns may be realized. Bit A7 
turns "on" in 200 ns and "off" in 80 ns, while bit A6 turns "on" 
in 150 nsand "off " in 80 ns. 



The test circuit of Figure 5 requires a smaller voltage swing for 
the current switches due to internal voltage clamping in the MC- 
1408. A 1.0-kilohm toad resistor from pin 4 to ground gives 
a typical settling time of 400 ns. Thus, it is voltage swing and not 
the output RC time constant that determines settling time for 
most applications. 

Extra care must be taken in board layout since this is usually 
the dominant factor in satisfactory test results when measuring 
settling time. Short leads, 100 nF supply bypassing for low fre- 
quencies, and minimum scope lead length are all mandatory. 



TYPICAL CHARACTERISTICS 

(V cc = +5.0 V, Vee = _15 v - T A = + 25°C unless otherwise noted.) 



FIGURE 10 - LOGIC INPUT CURRENT versus INPUT VOLTAGE 
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FIGURE 11 - TRANSFER CHARACTERISTIC versus TEMPERATURE 
(A5 thru A8 thresholds lie within range for A1 thru A4) 
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(See text for pin 1 restrictions) 
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FIGURE 13- OUTPUT VOLTAGE versus TEMPERATURE 
(Negative range with pin 1 open is -5.0 Vdc over full temperature range) 
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FIGURE 14 - REFERENCE INPUT FREQUENCY RESPONSE 



TYPICAL CHARACTERISTICS (continued! 
(V CC = +5.0 V, V EE = -15 V, T A = +25°C unless otherwise noted ! 

FIGURE 15 - TYPICAL POWER SUPPLY CURRENT 
versus TEMPERATURE (all bits low] 
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FIGURE 16 - TYPICAL POWER SUPPLY CURRENT 
versus V EE (all bits low) 
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APPLICATIONS INFORMATION 
FIGURE 17 - OUTPUT CURRENT TO VOLTAGE CONVERSION 
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APPLICATIONS INFORMATION (continued) 



Voltage outputs of a larger magnitude are obtainable with this 
circuit which uses an external operational amplifier as a current 
to voltage converter. This configuration automatically keeps the 
output of the MC1408 at ground potential and the operational 
amplifier can generate a positive voltage limited only by its positive 
supply voltage. Frequency response and settling time are primarily 
determined by the characteristics of the operational amplifier. In 
addition, the operational amplifier must be compensated for unity 
gain, and in some cases overcompensation may be desirable. 

Note that this configuration results in a positive output voltage 
only, the magnitude of which is dependent on the digital input. 

The following circuit shows how the MLM301AG can be used 
in a feedforward mode resulting in a full scale settling time on 
the order of 2.0 ms. 



FIGURE 18 




An alternative method is to use the MC1539G and input com- 
pensation. Response of this circuit is also on the order of 2.0ms. 
See Motorola Application Note AN-459 for more details on this 
concept. 



The positive voltage range may be extended by cascading the 
output with a high beta common base transistor, Q1, as shown. 



FIGURE 20 - EXTENDING POSITIVE 
VOLTAGE RANGE 




The output voltage range for this circuit is volts to BVcbO 
of the transistor. If pin 1 is left open, the transistor base may be 
grounded, eliminating both the resistor and the diode. Variations 
in beta must be considered for wide temperature range applica- 
tions. An inverted output waveform may be obtained by using a 
load resistor from a positive reference voltage to the collector of 
the transistor. Also, high-speed operation is possible with a large 
output voltage swing, because pin 4 is held at a constant voltage. 
The resistor (R) to V^E maintains the transistor emitter voltage 
when all bits are "off" and insures fast turn-on of the least 
significant bit. 



(To pin 4 
of MC1508LS) 




Combined Output Amplifier and Voltage f 

For many of its applications the MC1408 requires a reference 
voltage and an operational amplifier. Normally the operational 
amplifier is used as a current to voltage converter and its output 
need only go positive. With the popular MC1723G vol tage regula- 
tor both of these functions are provided in a single package with 
the added bonus of up to 150 mA of output current. See Figure 
21 . The MC1 723G uses both a positive and negative power supply. 
The reference voltage of the MC1723G is then developed with 
respect to the negative voltage and appears as a common-mode 
signal to the reference amplifier in the D-to-A converter. This 
allows use of its output amplifier as a classic current-to-voltage 
converter with the non-inverting input grounded. 

Since ±15 V and +5.0 V are normally available in a combina- 
tion digital-to-analog system, only the -5.0 V need be developed. 
A resistor divider is sufficiently accurate since the allowable range 
on pin 5 is from -2.0 to -8.0 volts. The 5.0 kifohm pulldown 
resistor on the amplifier output is necessary for fast negative 
transitions. 

Full scale output may be increased to as much as 32 volts by 
increasing Rq and raising the +15 V supply voltage to 35 V maxi- 
mum. The resistor divider should be altered to comply with the 
maximum limit of 40 volts across the MC1723G. Cq may be 
decreased to maintain the same RrjCo product if maximum speed 
is desired. 
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APPLICATIONS INFORMATION (continued) 



Programmable Power Supply 

The circuit of Figure 21 can be used as a digitally programmed 
power supply by the addition of thumbwheel switches and a BCD- 
to-binary converter. The output voltage can be scaled in several 
ways, including to +25.5 volts in 0.1-volt increments, ±0.05 volt; 
or to 5.1 volts in 20 mV increments, ±10 mV. 



FIGURE 21 - COMBINED OUTPUT AMPLIFIER and 
VOLTAGE REFERENCE CIRCUIT 




V EE -15 V 
Settling time for a 1 0-volt step W. 1 .0 



»ip*I«r or Negative Output Voltage 

The circuit of Figure 22 is a variation from the standard volt- 
age output circuit and will produce bipolar output signals. A 
positive current may be sourced into the summing node to offset 
the output voltage in the negative direction. For example, if 
approximately 1.0 mA is used a bipolar output signal results which 
may be described as a 8-bit "1's" complement offset binary. V re f 
may be used as this auxiliary reference. Note that Hq has been 
doubled to 10 kilohms because of the anticipated 20 V(p-p) 
output range. 



FIGURE 22 - BIPOLAR OR NEGATIVE OUTPUT 
VOLTAGE CIRCUIT 
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FIGURE 23 - BIPOLAR OR INVERTED NEGATIVE 
OUTPUT VOLTAGE CIRCUIT 
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V r .f " -5.00 votts 
Rt4 = R15 = 2.5 kn 

C - 37 pF <mln> 
R D ■ 5 kfl 



Decrease Rq to 2.5 kll for a O to -5. 0-volt output range. 
This application provides somewhat lower speed, as previously 
discussed in the Output Voltage Range section of the General 
Information. 
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APPLICATIONS INFORMATION (continued) 



Polarity Switching Circuit, 8-Bit Magnitude 
Plus Sign D-to A Converter 

Bipolar outputs may also be obtained by using a polarity switch- 
ing circuit. The circuit of Figure 24 gives 8-bit magnitude plus 
a sign bit. In this configuration the operational amplifier is switched 
between a gain of +1.0 and -1.0. Although another operational 
amplifier is required, no more space is taken when a dual operational 
amplifier such as the MC1558G is used. The transistor should be 
selected for a very low saturation voltage and resistance. 



FIGURE 24 -POLARITY SWITCHING CIRCUIT 
(8-Bit Magnitude Plus Sign D-to-A Converter) 



From v 
Output 
Op-Ampl 




Vq = v Q P - V Q P 



Panel Meter Readout 



The MC1408 can be used to read out the status of BCD or 

binary registers or counters in a digital control system. The current 
output can be used to drive directly an analog panel meter. Ex 
ternal meter shunts may be necessary if a meter of less than 2.0 
mA full scale is used. Full scale calibration can be done by adjust- 
ing R14 or V ref . 

FIGURE 26 - PANEL METER READOUT CIRCUIT 

Digital Word From Counter or Register 
MSB ' 



V r .f« 




A; 



Observe internal meter 
resistance (for pin 4 
voltage swing). 



Programmable Gain Amplifier or Digital Attenuator 

When used in the multiplying mode the MC1408 can be 
applied as a digital attenuator. See Figure 25. One advantage of 
this technique is that if Rg = 50 ohms, no compensation capacitor 
is needed. The small and large signal bandwidths are now identical 
and are shown in Figure 14. 

The best frequency response is obtained by not allowing (14 
to reach zero. However, the high impedance node, pin 16, is 
clamped to prevent saturation and insure fast recovery when the 
current through R14 goes to zero. Rg can be set for a +1.0 mA 
variation in relation to I14. I14 can never be negative. 

The output current is always unipolar. The quiescent dc output 
current level changes with the digital word wh ich makes ac coupl ing 



FIGURE 27 - DC COUPLED DIGITAL ATTENUATOR 
and DIGITAL SUBTRACTION 



FIGURE 25 - PROGRAMMABLE GAIN AMPLIFIER OR 
DIGITAL ATTENUATOR CIRCUIT 
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Digital Subtraction: 

R 14l R14 2 



Programmable Amplifier. 

Connect Digital Inputs so A = B 



"r.f 1 _ Vr.<2 
R14) R14 2 ] 
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APPLICATIONS INFORMATION (continued) 



This digital subtraction application is useful for indicating when 
one digital word is approaching another in value. More information 
is available than with a digital comparator. 

Bipolar inputs can be accepted by using any of the previously 
described methods, or applied differentially to R14i and R142 
or B 1 5 1 and RIS2 Vq will be a bipolar signal defined by the 
above equation. Note that the circuit shown accepts bipolar differ- 
ential signals but does not have a negative common-mode range. 
Avery useful method is to connect R14^ and R142 to a positive 
reference higher than the most positive input, and drive R15-] and 
R152. This yields high input impedance, bipolar differential and 
common-mode range. 

FIGURE 28 - DIGITAL SUMMING and CHARACTER GENERATION 



FIGURE 30 - NEGATIVE PEAK DETECTING 
SAMPLE AND HOLD 
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FIGURE 31 - PROGRAMMABLE PULSE GENERATION 




to 1.0 Volt 
in 4.0 mV steps 



In a character generation system one MC1408 circuit uses a 
fixed reference voltage and its digital input defines the starting 
point for a stroke. The second converter circuit has a ramp input 
for the reference and its digital input defines the slope of the 
stroke. Note that this approach does not result in a 16-bit D-to-A 
converter (see Accuracy Section). 



FIGURE 29.- POSITIVE PEAK DETECTING SAMPLE and HOLD 
(Features indefinite hold time and optional digital output.) 



Clock Detect/Hold Reset 




Fast rise and fall times require the use of high-speed switching 
transistors for the differential pair, Q4 and Q5. Linear ramps and 
sine waves may be generated by the appropriate reference input. 



FIGURE 32 - PROGRAMMABLE CONSTANT CURRENT SOURCE 



+ 5.0 V Imin) 




4 V below supply voltage. 

Current pulses, ramps, staircases, and sine waves may be genera 
ted by the appropriate digital and reference inputs. This circuit is 
especially useful in curve tracer applications. 



2-32 



MC1408 • MC1508 



APPLICATIONS INFORMATION (continued) 
FIGURE 33 - ANALOG DIVISION BY DIGITAL WORD FIGURE 34 



OF TWO DIGITAL WORDS 





This circuit yields the inverse of a digital word scaled by a 
constant. For minimum error over the range of operation, \q can 
be set at 16 uA so that 1 14 will have a maximum value of 3.984 
mA for a digital bit input configuration of 00000001 . 

Compensation is necessary for loop stability and depends on 
the type of operational amplifier used. If a standard 1.0 MHz 
operational amplifier is employed, it should be overcompensated 
when possible. If the MC1733, MC1520 or any other wideband 
amplifier are used, the reference amplifier should always be 
overcompensated. 
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FIGURE 35 - ANALOG PRODUCT OF TWO DIGITAL WORDS 
(High-Speed Operation) 
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APPLICATIONS INFORMATION (continued) 
FIGURE 36 - TWO-DIGIT BCD CONVERSION 




Two 8-bit, D-to-A converters can be used to build a two digit 
BCD D-to-A or A-to-D converter. If both outputs feed the virtual 
ground of an operational amplifier, 10:1 current scaling can be 
achieved with a resistive current divider. If current output is de- 
sired, the units may be operated at full scale current levels of 



4.0 mA and 0.4 mA with the outputs connected to sum the currents. 
The error of the D-to-A converter handling the least significant bits 
will be scaled down by a factor of ten. 



FIGURE 37 - DIGITAL QUOTIENT OF TWO ANALOG VARIABLES 
or ANALOG TO DIGITAL CONVERSION 



The circuit shown is a simple counter- 
ramp converter. An UP/DOWN counter 
and dual threshold comparator can be 
used to provide faster operation and con- 
tinuous conversion. 
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Advance Information 



8-BIT MPU BUS-COMPATIBLE 
HIGH SPEED A-TO-D CONVERTER 

The MC6108 is a microprocessor compatible, 8-bit, high speed 
analog-to-digital converter. Included are a precision reference, 
DAC, comparator, SAR, matched scale resistors, 3-state output 
buffers, and control logic. Conversion can be completed in under 
2.0 p.s and input voltage ranges of to +10 V, to +5.0 V, and 
- 5.0 to + 5.0 V can be converted without additional external com- 
ponents. With appropriate external resistors, the converter can 
accommodate other input voltage ranges. 8-bit linearity and 
monotonic operation with no missing codes are guaranteed over 
temperature. Bus compatibility is provided for by the 3-state out- 



puts (latches not required). 
The MC6108 conversion 1 



time is short enough to allow most 
microprocessors to accept the data immediately after requesting 
a conversion. Applications include process control systems, servo 
controLsystems, waveform storage, signal processing, and others. 
This device is functionally and pin compatible with the AM61 08. 

• 1.8 /us Conversion Time (Guaranteed) 

• Microprocessor Compatible — Connect Directly to Data Bus 

• Trimmed Internal Voltage Reference 

• 0.1% Nonlinearity (Typ) 

• Low Operating Voltage ( + 5.0 V, -5.2 V) 

• Internal Matched Gain, Reference, and Offset Resistors 

• Pin Programmable Natural Binary or Two's Complement 

• Conversion Complete Available as Interrupt or on Data Bus 

• Max Power Dissipation — 415 mW 



Compen- 
A Gnd sation V re f 
25 



26 
O 
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PLASTIC PACKAGE 
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MSB D7 


9 




i^Rin 


CC 


~uT 
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ABSOLUTE MAXIMUM RATINGS 

(Voltages referred to D. Gnd except where noted) 



Parameter 


Value 


Units 


V C C (Pin 1) 


-0.3, +7.0 


V 


V EE (Pin 28) 


+ 0.3, -7.0 


V 


Max Differential (Vcq-Vee) 


12 


V 


Digital Inputs (Pins 11-16) 


-0.5, +6.0 


V 


A. Gnd (Pin 26) 


±1.0 


V 


Input Current @ Ref In, Gain R 


3.0 


mA 


Voltage @ Gain R 


vcc v E e 


V 


Voltage @ Rj n , R ff 


±12 


V 


Voltage @ +Comp, -Comp, 1^ 


-2.5, +12 


V 


Voltage @ D0-D7 (in 3-state mode) 


-0.5, +6.0 


V 


Junction Temperature 


-65, +150 


X 



Devices should not be operated at these values. The "Recommended Operating Limits" provide for actual device operation. 



RECOMMENDED OPERATING LIMITS 

(Voltages referred to D. Gnd except where noted) 



Parameter 


Symbol 


Min 


Typ 


Max 


Units 


Power Supply Voltage 


vcc 


4.75 


5.0 


5.25 


V 


VEE 


-5.46 


-5.2 


-4.94 


V 


Analog Ground 


AGnd 


-0.1 





0.1 


V 


V re f Current 


'Vref 







5.0 


mA 


Voltage (g Gain R 




1 25 


2 5 


5.0 


V 


Ref In Current 


'ref 


0.5 


1.0 


2.0 


mA 


Voltage @ Rj n 


Vin 


-8.0 




10 


V 


Voltage @ R Q ff 


Voff 


-8.0 




10 


V 


Clock Frequency 


f clk 







5.0 


MHz 


Voltage ffi -Comp 










4.0 


V 


Voltage Cg 




-1.0 





+ 5.0 


V 


Digital Input Voltage 









5.25 


V 


Ambient Temperature 


T A 







+ 70 


°c 



TRANSFER CHARACTERISTICS (V C c = +5.0 V, ±5.0%, V E e = -5.2 V, ±5.0%, < T A < 70°C, Clk = 5.0 MHz, 
V re f connected to Gain R, unless otherwise noted.) 



Parameter 


Symbol 


Min 


Typ 


Max 


Units 


Resolution 


Res 


8.0 




8.0 


Bits 


Monotonicity 


Mon 


GUARANTEED 


Differential Non-Linearity 


DNL 




±1/4 


±3/4 


LSB 


Integral Non-Linearity (Unipolar) 


INLU 




±1/4 


±1/2 


LSB 


Integral Non-Linearity (Bipolar) 


INLB 




±1/4 


±3/4 


LSB 


Unipolar Gain Error (Vj n = to +5.0 V (a Pin 22) 


UGER 






±2-1/2 


LSB 


Unipolar Gain Error (Vj n = to +10 V @ Pin 20) 


UGER 






±2-1/2 


LSB 


Unipolar Offset Error (D7-D0 = 00h to 01 h) 


UOFF 






±1.0 


LSB 


Bipolar Gain Error (Vj n = -5.0 to +5.0 V (a Pin 20) 


BGER 






±2-1/2 


LSB 


Bipolar Zero Error (D7-D0 = 7Fh to 80h) 


BZER 






±1-1/2 


LSB 


Bipolar Offset Error (D7-D0 = 00h to 01 h) 


BOFF 






±2-1/2 


LSB 
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TRANSFER CHARACTERISTICS (continued) 



Parameter 


Symbol 


Min 


Typ 


Max 


Units 


l Full Scale Current (D7-D0 = FFh, Ta = 25°C) (See Text "DAC") 


IFS 


3.1 


3.992 


4.9 


mA 


lo" Zero Scale Current (07-DO = FFh, Ta = 25°C) (See Text "DAC") 


izs 


-5.0 




+ 5.0 


pA 


l Q Zero Scale Current (D7-D0 = 00h, Ta = 25°C) (See Text "DAC") 


izs 


3.0 


7.8 


13 


MA 


Full Scale Current (D7-D0 = 00h, Ta = 25°C) (See Text "DAC") 


IFS 


3.1 


3.984 


4.9 


mA 


DAC Current Gain (See Text "DAC") 


G-DAC 


3.92 


4.0 


4.08 




Gain Sensitivity to V C c Variations 
(4.75 < V CC < 5.25 V, V E E = - 5.2 V) 


PSSVcc 




±0.01 


±0.2 


%FS 


Gain Sensitivity to V EE Variations 
( - 5.46 < V EE < - 4.94 V, V C C = + 5.0 V) 


PSSV EE 




±0.02 


±0.2 


%FS 

■ 



INTERNAL REFERENCE SUPPLY 



Pin 25 Voltage (l re f = -1.0 mA, V C c = +5.0, V EE = -5.2) 


Vref 


2.475 


2.5 


2.525 


V 


Temperature Coefficient 


T C 




±20 




ppm/°C 


Load Regulation (-1.0 mA < l re f < -5.0 mA) 


Regioad 




±0.05 


±0.2 


%Vref 


Line Regulation (4.75 < Vcc < 5.25 V) 


Regime 




±0.02 


±0.2 


%v ref 


Noise (f n = 10 kHz to 1.0 MHz, T A = 25"C) 






20 




MVrms 


Short Circuit Current (Ta = 25°C) 


IRSC 


-30 


-20 


-5 


mA 


POWER SUPPLIES 


Vcc Current (Outputs unloaded) 


ice 


5.0 


20 


27 


mA 


V EE Current (Outputs unloaded) 


'EE 


-50 


-38 


-5 


mA 


Power Dissipation (Outputs unloaded) 


PD 




300 


415 


mW 


ANALOG INPUTS (T A = 25°C) 


Input Resistance @ Gain R (Pin 24) 


Rgr 




2.5 




kO 


Input Resistance (a R; n (Pin 20) 


Rri 


1.75 


2.5 


3.25 


kfi 


Input Resistance (a R ff (Pin 22) 


Rro 




1.25 




kn 


Reference Input Offset Voltage (Pin 23-26) 


Ref ff 


-10 




+ 10 


mV 


Comparator Input Clamp Voltage 


Vclamp 


±0.4 


±0.8 


±1.3 


V 


Input Capacitance @ +Comp (Pin 19) 


c c 




20 




pF 


Input Capacitance @ (Pin 21) 


C| 




10 




pF 


Input Capacitance @ Rj n , R Q ff, Ref In, Gain R, -Comp. 






2.0 




pF 


DIGITAL INPUTS 


Input Voltage — High (Pins 11-16) 


V|H 


2.0 




5.25 


V 


Input Voltage — Low (Pins 1 1 - 1 6) 


V|L 







0.8 


V 


Input Current @ 4.0 V (Pins 1 1 - 1 6) 


hH 






10 




Input Current (& V (Pins 11-16) 


IlL 






10 


V.A 


DIGITAL OUTPUTS 


Output Voltage — High OoH = - 400 M A , pins 2 - 10 > 


VOH 


2.4 


3.2 




V 


Output Voltage — Low HoL = 8.0 mA, Pins 2-10) 


vol 




0.15 


0.4 


V 


Short Circuit Current* (Pins 2-10, T A = 25°C) 


'SC 


-50 


-25 




mA 


Three-State Leakage (Vo = 2.4 V, Pins 2-9) 
(V = 0.4 V, Pins 2-9) 


'HLK 

Illk 


-20 
-20 




+ 20 
+ 20 


mA 


Capacitance (3-State Mode, Pins 2-9) 


c 




7.0 




pF 



*Short circuits should be timited to 1.0 second max, 1 output at a time. 

Note: Currents into a pin designated as +, currents out of a pin designated as - 
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TIMING CHARACTERISTICS (Ta = 25"C, See System Timing Diagram) 



Parameter 



Symbol 



Min 



Typ 



Max 



Units 



INPUTS 



S High After CLK High* 


»CKS 









ns 


S High Before CLK High* 


«SS 


25 






ns 


CLK Low Time 


•CKL 


50 






ns 


CLK High Time 


<CKH 


50 






ns 


CLK Rise, Fall Time 


tr.tf 






100 


ns 


CS, CLK, S Concurrent Low Time* 


tST 


50 






ns 


Clock Frequency 


'CLK 






5.0 


MHz 



*See text (Sequence of Operation) 
OUTPUTS 



CC High from S, CS, or CLK Low 


'see 




25 


55 


ns 


Data to 3-State from S, and CLK Low** 


«sz 




25 


55 


ns 


CC Low from CLK High 


tCKCC 




15 


40 


ns 


Data Valid from CLK High** 


l CKDV 




25 


50 


ns 


Data Valid from CS Low** 


tCSDV 




25 


40 


ns 


Data to 3-State from CS High** 


»CSZ 




20 


40 


ns 


Data Valid from R Low** 


tRDV 




20 


40 


ns 


Data to 3-State from R High** 


tRZ 




20 


40 


ns 


D7 to Status from D/ST Low** 


*DSTS 




20 


40 


ns 


D7 to Data from D/ST High** 


*DSTD 




20 


40 


ns 


D7 to Status from R Low** 


'RS 




20 


40 


ns 



*See Figure 1 for output conditions 



SYSTEM TIMING DIAGRAM 



U-1*CLK-»" 



CLK 



«CKS- 



tST- 



CS 



CC 



tCSDV- 
(See Figure 1)" 



-ICKL 




-ff- 



|-«— 'sec 



-fS- 



-CONVERSION- 



-fl- 



, ^ 



-'sz 



'CKDV- 



3 V- 



p— «CKCC 



•csz- 



-ff- 



OLD DATA 



''/WW,,™,,/ 



D/ST L 



D0-D7 



'RS ["■— 



'DSTD- 



«RZ-*-j |-«— _ 



(See Figure 1) „ o-r.-rr ^D7"="s'f AT US^^D7'-Do"="dat'a'^ 



->RDV 



'DSTS 



^'D7-D'6'="DAtA 



,01 = STATUS '/ 



NOTE: D0-D7 timing measured at 2.0 and 0.8 volts when testing active outputs, and at 0.35 volts below Voh and 0.35 volts above Vol 
when entering 3-state mode. 
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D0-D7> 




FIGURE 1 — DATA OUTPUT LOAD TEST CIRCUIT 

+ 2.0 V< 



Active Outputs 



D0-D7 >- 



CI 
rh 



Diodes = 1N914 or equivalent 
C1 = 125 pF (total) 



Outputs To 3-State From Active 



TEMPERATURE SPECIFICATIONS (0° < T A < 70° C) 



Function 


Pin 


Typical 
Change 


Units 


Vref 


25 


±20 


ppm/°C 


DAC Current Gain 






±8.0 


ppm/°C 


l Dynamic Impedance 




21 


+ 1.1 


%rc 


Reference Input Offset 


23-26 


±20 




Resistance @ Rj n . R ff. Gain R 




20,22,24 


+ 0.1 


%rc 



PIN DESCRIPTIONS 



Symbol 


Pin 


Description 


vcc 


1 


1 

To be connected to a 5.0 volts (±5.0%) supply. 


D0-D7 


2-9 


TTL level data outputs capable of three-state mode. Pin 2 is the LSB, Pin 9 is the MSB. 
Pin 9 can also indicate conversion status. 


cc 


10 


Conversion Complete. TTL level output. High indicates conversion in progress, low 
indicates conversion complete and valid data at the outputs. This output does not have 
three-state capability. 


S 


11 


Start conversion — TTL Input. Taking S low (with Clock and Chip Select low) resets the 
SAR. Taking S high allows the conversion to start. 


cs 


12 


Chip Select — TTL Input. When low, a conversion may be initiated or data read at the 
outputs. When high, data outputs are in the three-state mode, and other digital inputs are 
ignored. 


R 


13 


Read — TTL Input. When low, data may be read at D0-D7. When high, D0-D7 are in 
three-state condition. 


D/ST 


14 


Data/Status — TTL Input. When high, D0-D7 provide normal data. When low, D7 
indicates "Conversion Complete" status, while D0-D6 are in three-state mode. 


CLK 


15 


Clock — TTL Input. 0-5.0 MHz. 


CodeSel 


16 


Code Select — TTL Input. When low, output data is in 2's complement format. When 
high, output data is straight binary (offset binary when used in the bipolar mode). 


D. Gnd 


17 


Digital Ground. Connect to ground associated with digital side of the circuitry. 


Comp 


18 


Negative input of the comparator. Normally grounded, a voltage on this pin will provide 
an offset of the input voltage range. 


+ Comp 


19 


Positive input of the comparator. Normally open, this pin may be used for input voltage 
ranges other than 0-10 volts, or ±5.0 volts. 


R in 


20 


The voltage to be converted to a digital equivalent is normally applied to this pin. A 
nominal 2.5 kfl resistor is internally connected from this pin to the comparator/DAC 
output node. 


S 


21 


Current flows into this pin, complementary in value to the DAC's normal current output 
(l ). Normally grounded, it may be connected to a resistor to ground or a positive 
voltage source in order to provide an analog output. 
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PIN DESCRIPTIONS — continued 



Symbol 


Pin 


Description 


Roff 


22 


An input for the bipolar offset function. This input can also serve as an alternate voltage 
input with half the range at R, n . A nominal 1.25 kfl resistor is internally connected from 
this pin to the comparator/DAC output node. When not used this pin should be 
grounded: 


Ref In 


23 


DAC's reference input. Reference current may be supplied to the DAC through this pin 
rather than through Pin 24. The DAC's full scale current is 4x the reference current. 
Source impedance should be less than 10 kfi. 


Gain R 


24 


Normally 2.5 volts (from pin 25) is applied to this pin to supply the 1.0 mA reference 
current to the DAC. An internal 2.5 kn resistor connects this pin to the DAC's reference 
input. 


Vref 


25 


Output of the internal precision 2.5 volt reference supply, it can supply up to 5.0 mA. 
Normally used to supply the DAC's reference current and the bipolar offset current. 


A. Gnd 


26 


Analog Ground. Connect to ground associated with the analog side of the circuitry. 


Compen 


27 


Compensation for the reference supply regulator. Typically, a 0.01 jtF capacitor is 
connected from this pin to A. Gnd or to Vrfg. 


VEE 


28 


To be connected to a -5.2 volts (±5.0%l supply. 



ANALOG SECTION 



DESIGN GUIDELINES 

the signal source have a dynamic impedance less than 



DAC (Refer to Figures 2 and 3) 

The DAC generates an output current (l ) which is 
proportional to both the reference current and the digital 
input presented to it by the Successive Approximation 
Register (SAR), according to the following formula: 



V 1 * R x 
1.6 V 



(2) 



'ref 



x 4 x A 



256 



+ l 7 



(1) 



where A is the binary digital code (0-255), and l zs is the 
zero scale current. I flows into the DAC, never out. The 
4x (±2.0%) factor is a current gain built into the DAC. 
For a nominal l re f of 1.0 mA, the maximum l (@A = 
255) is 3.992 mA (which includes an l zs of 7.8 fiA). \ zs 
is built in so the first transition occurs when the signal 
voltage (Vj n ) is 1/2 LSB above its minimum value. In 
normal operation, l is supplied from the signal voltage 
that is being converted to a digital code. Therefore, the 
signal source must be capable of supplying up to 4.0 
mA in the unipolar mode. I re f is the reference current 
flowing in through either pin 23 or 24. See Figure 2 for 
the basic unipolar configuration. 

In the bipolar mode, an offset current of 2.0 mA is 
supplied to the l node (normally through R ff) in order 
that V| n may be symmetrical about zero volts. The signal 
source must be capable of sinking 2.0 mA when at the 
negative extreme, and sourcing 2.0 mA when at the 
positive extreme. See Figure 3 for the basic bipolar 
configuration. 

+ Comp (Pin 19) is maintained close to a virtual 
ground after a conversion as long as -Comp (Pin 18) 
is at ground. The voltage at +Comp varies (nominally 
±0.8 volts) during a conversion as the DAC forces dif- 
ferent current values at l and will end up close to zero 
at the end of a conversion. Because of the varying volt- 
age at +Comp, the current from the signal source and 
the offset source (if used) will vary with each step of the 
successive approximation sequence, necessitating that 



where Vi = 1/2 LSB of the signal voltage, and 

R x = Resistance between the signal source and 
Pin 19 

(2.5 kn if using Rj n , 1.25 kO if using R ff). 

Normally Pin 19 is left open, although it may be used 
as a path for the offset current, or the signal current (to 
be digitized), with appropriate external resistors. See 
the Applications Information for more details. 

I re f flows into the DAC, never out, and should be be- 
tween 0.5 mA and 2.0 mA to preserve linearity and ac- 
curacy. Linearity specified in the Electrical Characteris- 
tics is tested @ l re f of =1.0 mA. The reference input 
stage is depicted in Figure 4. Normally l re f is supplied 
by the MC6108's internal 2.5 volt reference (Pin 25) 
through Gain R (Pin 24). If a separate voltage source is 
used for the reference current, it must be free of noise, 
spikes, and ripple since the accuracy of a conversion is 
directly related to the quality and stability of the 
reference. 

SIGNAL VOLTAGE 

The input signal voltage (to be digitized) is applied to 
either Rj n , R ff. or through an appropriate external re- 
sistor to +Comp, such that current from the signal 
source flows into the DAC's l Q port. The preset ranges, 
with V re f connected to Gain R are as follows: 



Input 


Connect Rj n 


Connect R Q ff 


Range 


to 


to 


Oto +10 V 


Vin 


A. Gnd 


Oto +5.0 V 


A. Gnd 


Vin 


-5.0 to +5.0 V 


Vin 


Vref 
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FIGURE 2 — BASIC UNIPOLAR CONFIGURATION 
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FIGURE 3 - BASIC BIPOLAR CONFIGURATION 
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FIGURE 4 - 



23 

Ref In o— 



24 

Gain R o- 



2.5 k 



iref 



A. Gnd 



To DAC 
Current 
Switches 



Although the tolerance on the absolute values of the 
resistors at Gain R, Rj n , and R ff is =±30%, the ratio 
of their values is accurately controlled. Due to this fact, 
when the MC6108 is connected for any of the above 
mentioned ranges, the conversion accuracy is assured. 

The voltage being digitized must be steady to within 
±1/2 LSB during a conversion cycle in order to get an 
accurate representation of that voltage. The maximum 
slew rate during the conversion is defined by: 



'range 



'range 



f CLK 



2 x 256 X tcONV 2 X 256 X 9 
= v ranqe 



4608 



JCLK 



(3) 



where Vrange = range of the input voltage; 

'CONV = conversion time (min. 9 clock 
cycles); and 

fCLK = dock frequency. 
For a typical input range of 10 volts, and a clock fre- 
quency of 5.0 MHz, the maximum input slew rate is 
0.0108 V/jiS. The maximum sine-wave frequency which 
can be digitized without using a sample-and-hold is: 



f CLK 
4608 x 7r 



(4) 



The above equation assumes the signal's peak-to- 
peak voltage is equal to the input range of the MC61 08. 
If the input signal will change more than 1/2 LSB during 
a conversion, a sample-and-hold is then needed at the 
input. With the use of a sample-and-hold, the maximum 
frequency which can be accurately digitized is 1/2 the 
conversion frequency, (277.78 kHz with an fc|_K of 5.0 
MHz). 

The dynamic impedance requirements of the signal 
source are discussed in the DAC section. 

-COMP 

Pin 18 is normally grounded, resulting in + COMP (Pin 
19) being close to a virtual ground at the end of a con- 
version. However, this pin may be used as an alternate 
means of offsetting the input range. Applying a positive 
voltage to -COMP shifts the input voltage range in a 
positive direction. 

The amount of the input's shift depends not only on 
the voltage applied to -COMP, but also on the imped- 



ances between the l node and the input source and 
ground. For example, if the signal voltage applied to 
Rj n , and R Q ff is at ground ( + COMP open), the input 
range shifts 3 volts for each volt applied to -COMP. 

Since a portion of the DAC's l current will be drawn 
from the voltage at -COMP, that voltage source must 
be capable of supplying ± 2.0 mA, and must have a low 
dynamic impedance. The voltage at -COMP, Rj n , and 
R D ff must be kept within the limits listed in the Rec- 
ommended Operating Conditions. 



I D (Pin 21 ) is the DAC's complementary current output. 
The current at this pin changes opposite to that at l 
such that their sum is a constant value [4 x l re f]. Current 
flow is into the pin. 

In most applications, this pin is grounded. However, 
connecting this pin to a resistor to ground permits mon- 
itoring the steps of the SAR(see figure 5), or obtaining 
an analog output representative of the input voltage. 
The steps in Figure 5 indicate how the circuit finds the 
value of l , representative of Vj n , by successively trying 
each bit, and leaving each bit on or off (a conversion 
always starts with the MSB on). The voltage at l will 
swing negative, and is limited to - 1 .0 volt (max resistor 
value is 250 fl). To get a wider voltage swing, a larger 
resistor may be connected to a pull-up voltage ( + 5.0 
volts max). For example, using a 1 .25 kfi resistor pulled 
up to +5.0 volts results in this pin swinging between 
groundand + 5.0 volts. The output dynamic impedance 
of the l Q current source (when l Q is maximum) is = 2.0 
Mft for applied voltages of - 1 .0 to + 4.0 V, and is =50 
kfi for applied voltages >_+4.0 V, and tends to increase 
as the nominal value of l D decreases. 

FIGURE 5 — SUCCESSIVE APPROXIMATION STEPS AT U 




At the end of a conversion, l produces a spike ap- 
proximately 40 ns wide which starts with the falling 
edge of CC. The spike's amplitude varies from =1.0 mA 
(@ Vj n = 0) to mA (@ V in = max). After the spike, l 
remains at the final current value until the start of the 
next conversion. The current value^once established, is 
independent of the inputs at R, D/ST, CodeSel, and CS. 
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REFERENCE SUPPLY 

The internal bandgap reference produces an output 
of +2.500 volts, ±25 mV (@ V re f, pin 25), and is pri- 
marily intended to supply the reference current and the 
bipolar offset current. The output impedance is typically 
<0.5 fi for load currents up to 5.0 mA, and increases 
rapidly at higher currents. Variations in V re f are typically 
< 0.5 mV as Vqc is varied from +4.75 to +5.25 volts, 
and V re f is independent of Vr£g variations. The output 
is designed to source, not sink current. 

A 0.001 /xF capacitor from V re f to A. Gnd is recom- 
mended to reduce noise on this output produced by the 
digital section. A 0.01 ^F capacitor from the Compen- 
sation pin (Pin 27) to A. Gnd, or to Vee. is necessary to 
stabilize the regulator. 

POWER SUPPLIES 

The power supplies are to be +5.0 volts, ±5.0% at 
Vcc (Pin 1), and -5.2 volts, ±5.0% at V E e (Pin 28). For 
proper operation, bypassing is required for both sup- 
plies at the IC. 10 ^.F tantalum in parallel with 0.01 /xF 
ceramic is recommended for each supply. 

'CC varies with the chip's different operating condi- 
tions, and is a maximum (typically 20 mA) during a con- 
version (R = 0, D/ST=1, CS = 0) with the signal voltage 
at its minimum value. Minimum Ice (typically 12 mA) 
occurs during a conversion with the signal voltage at 
its maximum value. Iqcjs typically 16 mA when the 
MC6108 is deselected (CS = 1), and under all conditions. 
Ice is independent of clock frequency. 

lEE is typically 38 mA, and varies <2.0 mA over dif- 
ferent operating conditions. Iee is independent of clock 
frequency. 

DIGITAL SECTION 

SEQUENCE OF OPERATION 

A conversion is initiated when the S (Start), CS (Chip 
select), and CLK (Clock) inputs are simultaneously low 
for a minimum of 50 ns. The three inputs may be taken 
low in any sequence, including simultaneously. After all 
three have been brought low, CC (Conversion Com- 



plete) will change to a high state =25 ns later, indicating 
the SAR has been reset. A clock jow-to-high transition 
must then occur before or with S switching high, and 
the conversion begins with the next CLK rising edge (S 
must precede that one by >25 ns). The conversion then 
requires seven complete clock cycles. At the end of the 
conversion, CC will switch low indicating the end of the 
conversion, and that valid data is available. See Figure 
6 for the basic timing sequence. 

If the S, CS, and CLK inputs appear simultaneously 
low during a conversion, the conversion sequence will 
be re-initiated at that point. 

The following truth table describes the relationship of 
the six digital inputs (Pins 11-16): 



Logic Inputs 


Function 


CLK 


CS 


s 


R 


D ST 


CodeSel 




X 


1 


X 


X 


X 


X 


Chip de-selected, 
D0-D7 @ Hi-Z 











X 


X 


X 


Reset SAR 


1 1 


X 


1 


X 


X 


X 


Conversion process 
(after SAR is reset) 


X 





X 


1 


X 


X 


D0-D7 fi Hi-Z 


X 





1 





1 


1 


Read binary or 
offset binary data at 
D0-D7 after 
conversion 


X 





1 





1 





Read 2's 

complement data at 
D0-D7 after 
conversion 


X 





1 








X 


Read CC status at 
D7 (D0-D6 <» Hi-Z) 



X = Don't care 



Figure 7 depicts the input configurations in order to read 
the various output formats. Any digital input left open 
is equivalent to a Logic "0" — however, good design 
practice dictates that inputs should never be left open. 



FIGURE 6 — CONVERSION TIMING DIAGRAM 








A = <^AR RpQPt 

B = Conversion Starts 
C = Conversion Ends 



Old Data 



New Data 
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FIGURE 7 — OUTPUT DATA CONTROL 




CLOCK 

The clock input (Pin 15) is a TTL level input which 
steps the SAR through the successive approximation 
conversion process. There is no minimum required fre- 
quency, and the maximum operating frequency is listed 
in the timing characteristics. The clock duty cycle does 
not have to be 50%, but the minimum low and high 
times must be observed. The clock is needed only for 
the conversion, and may be removed or left applied to 
the MC6108 between conversions. The operation of CS, 
D/ST, R, and CodeSel are not affected by the presence 
or absence of the clock. 



CHIP SELECT 



Chip Select (Pin 12) is a TTL level input which is nor- 
mally used by a microprocessor's address decoding to 
select and de-select the device. A Logic "0" selects (en- 
ables) the MC6108, while a Logic "1" disables it. CS 
must be low for a conversion to start, and to read data 
at D0-D7 or status at D7 (see D/ST description). CS may 
be taken high during_a conversion, as long as the min- 
imum low time for CS, S, and CLK is adhered to, and 
then taken low in order to read the data after CC goes 



low. Alternately CS may be left low during the entire 
conversion. 

Whenever the MC6108 is de-selected, a conversion 
cannot be initiated, and D0-D7 are in the high- 
impedance condition, regardless of the other digital 
inputs. 



START 

S (Pin 11) is a TTL level input used to reset the SAR, 
and initiate a conversion. The SAR is reset when this 
pin is low simultaneous with the Clock and CS inputs 
for a minimum of 50 ns. CC output will then change to 
a high state. A clock rising edge must occur while S is 
low, or no later than coincident with its rising edge. 
There is no maximum time limit for S to stay low, but 
the conversion will not begin until the next rising edge 
of the Clock input after S goes high. Seven complete 
clock cycles are then needed to complete the 
conversion. 

If the S input is connected to the CC output through 
a flip-flop (see Figure 8), the MC6108 will operate at the 
maximum possible conversion repetition rate, i.e. one 
conversion each 9 clock cycles. 



FIGURE 8 — CONFIGURATION FOR MAXIMUM CONVERSION RATE 
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R EAD 

Read (Pin 13) is a TTL level input which controls the 
state of the outputs (D0-D7) between conversions as 
long as the MC6108 is enabled (CS = 0). A Logic "1" 
forces the 8 outputs to a high impedance condition re- 
gardless of the other digital inputs. A Logic "0" permits 
reading the data at D0-D7 after the conversion is com- 
plete, or the CC status at D7_(depending on the D/ST 
input). During a conversion, R is ineffective, except for 
contr olling D7 if D/ST is low. 

The Read input differs from the CS input in that taking 
Read high does not prevent a conversion^ from being 
initiated in response to the CS, CL K, and S inputs (de- 
scribed elsewhere). If desired, the Read input may be 
kept low at all times in a simple application. 



CODE SELECT 

CodeSel (Pin 16) is a TTL level input which controls 
the format of the binary data presented at D0-D7 at the 
end of a conversion. When at a Logic "1", the data is 
presented as natural binary or offset binary, depending 
on whether the analog input is unipolar or bipolar, re- 
spectively. When at a Logic "0", the output code is in 
2's complement form (applicable to bipolar operation 
only). This pin has no effe ct on D7 when the D/ST input 
is low (see section on Data/Status). The following tables 
illustrate examples of the different codes: 



CONVERSION COMPLETE 

CC (Pin 10) is a TTL level output which indicates the 
status of the conversion. After CS, CLK, and S are taken 
low to initiate a conversion, CC will go high =*25 ns later. 
CC will stay high during the conversion, and then go 
low =15 ns after the rising edge of the clock corre- 
sponding to the end of the conversion. See Figure 6 and 
the System Timing Diagram. 

The CC pin does not have a high impedance capa- 
bility, and is therefore always active. The CC status is 
typically monitored through a port, or an interrupt pin. 

DATA/STATUS 

D/ST (Pin 14) is a TTL level input which controls the 
information presented at D0-D7. When at a Logic "1", 
D0-D7 will provide the digital equivalent of the analog 
input at the end of the conversion (D0-D7 are in a high 
impedance mode during the conversion). When at a 
Logic "0", D0-D6 are mainta ined in a high impeda nce 
mode, while D7 provides the Conversion Complete sta- 
tus both during and after the conversion (D7 does not 
go into a high impedance mode). The rising and falling 
edges of D7, when providing status, follow those of CC 
(Pin 10) within - 10 ns. 

D/ST may be used by the microprocessor as a means 
of reading the Status and the Data on the bus rather 
than using a separate port for the CC output (Pin 10). 
However, since D7 is active during the conversion, the 
microprocessor cannot be busy with other functions 
during this time. If the microprocessor is to be busy 
during the conversion, the status may be checked by 
periodically switching the D/ST pin, or the CS pin, or by 
reading the CC_pin (Pin 10) through a separate port or 
interrupt pin. R (Pin 13) must be low to read data or 
status. 



UNIPOLAR 



Input 


+ 10 V Range 


+ 5.0 V Range 


Natural Binary 


FS — 1LSB 


9.961 V 


4.980 V 


1111 1111 


3/4 FS 


7.500 V 


3.750 V 


1100 0000 


1/2 FS 


5.000 V 


2.500 V 


1000 0000 


1/4 FS 


2.500 V 


1.250 V 


0100 0000 





0.000 V 


0.000 V 


0000 0000 


BIPOLAR 








2's 


Input 


±5.0 V Range 


Offset Binary 


Complement 


+ FS — 1LSB 


4.961 V 


1111 1111 


0111 1111 


+ 1/2 FS 


2.500 V 


1100 0000 


0100 0000 


MidScale 


0.000 V 


1000 0000 


0000 0000 


- 1/2 FS 


-2.500 V 


0100 0000 


1100 0000 


-FS + 1LSB 


-4.961 V 


0000 0001 


1000 0001 


-FS 


-5.000 V 


0000 0000 


1000 0000 




If an input voltage range other than those listed above 
is used, and CodeSel is at a Logic "1" (binary format), 
the code 0000 0000 will correspond to the most negative 
input voltage, while the code 1111 1111 corresponds to 
the most positive input voltage (-1 LSB). The 2's com- 
plement code is the same as the binary with the MSB 
(D7) inverted. 

DATA OUTPUTS 

The data outputs (Pins 2-9) are TTL level outputs with 
high impedance capability. Pin 2 is the LSB (DO), while 
Pin 9 is the MSB (D7). The 8 outputs are in the high 
impedance mode during a conversion (CC = high), or 
if CS or R are high. D0-D6 are in the high impedance 
mode, and D7 is active, anytime that D/ST is low (CS = 
R = 0). 

During normal operation, the 8 outputs change from 
valid data to high impedance within 55 ns after the SAR 
has been reset (CS = CLK = S = 0) at the beginning 
of a conversion, and back to valid data within 50 ns after 
the rising edge of the CLK at the end of a conversion. 
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APPLICATIONS INFORMATION 



POWER SUPPLIES, GROUNDING 

The P.C. board layout, the quality of the power sup- 
plies and the ground system at the IC are very important 
in order to obtain proper operation. Noise, from any 
source, coming into the device on Vqq, Vee. or ground 
can cause an incorrect output code due to interaction 
with the analog portion of the circuit. At the same time, 
noise generated within the MC6108 can cause incorrect 
operation if that noise does not have a clear path to ac 
ground. 

Both the Vcc and Vee power supplies must be de- 
coupled to ground at the IC (within 1" max) with a 10 
jiF tantalum and a 0.01 u.F ceramic. Tantalum capacitors 
are recommended since electrolytic capacitors simply 
have too much inductance at the frequencies of interest. 
The quality of the Vcc and V EE supplies should then 
be checked at the IC with a high frequency scope. Noise 
spikes (always present when digital circuits are present) 
can easily exceed 400 mV peak, and if they get into the 
analog portion of the IC, the operation can be disrupted. 
Noise can be reduced by inserting resistors (<10 CI, 
metal film) or inductors between the supplies and the 
IC. 

If switching power supplies are used, there will usu- 
ally be spikes of 0.5 volts or greater at frequencies of 
50 - 200 kHz. These spikes are generally more difficult 
to reduce because of their greater energy content. In 



extreme cases, 3-terminal regulators (MC78L05ACP, 
MC7905.2CT), with appropriate high frequency filtering, 
should be used and dedicated to the MC6108. 

The ripple content of the supplies should not allow 
their magnitude to exceed the values in the Recom- 
mended Operating Limits. 

The P.C. board tracks supplying Vcc and V EE t0 the 
MC6108 should preferably not be at the tail end of the 
bus distribution, after passing through a maze of digital 
circuitry. The MC6108 should be close to the power sup- 
ply, or the connector where the supply voltages enter 
the board. If the Vcc and V EE lines are supplying con- 
siderable current to other parts of the boards, then it is 
preferable to have dedicated lines from the supply or 
connector directly to the MC6108. 

The MC6108 has two ground pins — A. Gnd (Pin 26), 
and D. Gnd. (Pin 17). Vcc and ^EE should be referenced 
to D. Gnd. A. Gnd is mainly a signal ground, and is the 
return path for the internal 2.5 volt reference, and the 
DAC's reference amplifier. A. Gnd must be connected 
to D. Gnd, preferably at one point, and in a manner so 
as to not pick up noise. The dc voltage between A. Gnd 
and D. Gnd must be <100 mV. Long PC tracks between 
them should be avoided as the inductance (at 5.0 MHz) 
can create stability problems. See Figure 9 for a depic- 
tion of the major current paths. 



FIGURE 9 — MAJOR CURRENT PATHS 
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FULL SCALE, ZERO ADJUSTMENTS 

The unadjusted full scale accuracy (at max. Vj n ) of the 
MC6108, when the internal resistors are used (Figures 
2 and 3), is guaranteed to be within 2-1/2 LSBs. The 
offset error (at min. Vj n ) is guaranteed to be less than 
1LSB for the unipolar configuration, and 2-1/2 LSBs for 
the bipolar configuration. If the application requires 
greater accuracy at the end points, then adjustments are 
needed, as shown in Figures 10 and 11. The potentiom- 
eters should be 20-turn type, with low T.C. The 50 Jl 
resistor is added to the Rj n pin to ensure that the po- 
tentiometers can provide adjustment over the full plus 
and minus error range. 



FIGURE 10 — UNIPOLAR ADJUSTMENTS 
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FIGURE 11 — BIPOLAR ADJUSTMENTS 
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OTHER INPUT RANGES 

The MC6108 has internal resistors providing preset 
input ranges of to + 10 volts, to + 5.0 volts, and -5.0 
to +5.0 volts (see previous section entitled "Signal Volt- 
age"). The input range, and the offset, are determined 
by the value of the resistors at Pins 20, 22, and 24. Where 
input ranges other than those listed above are to be 
digitized, then external resistors of comparable toler- 
ance and temperature coefficient should be used for the 
reference (at Pin 23), and for the input signal (at Pin 19), 
and for the bipolar offset function (also at Pin 19). See 
Figures 12 and 13. Rj n and R ff should be connected to 
A. Gnd when not used. Due to the tolerances of the 
absolute value of the internal resistors, they should not 
be used in conjunction with external resistors. 

Figure 13 shows the reference current and the offset 
current supplied from the same reference source, which 
may be the internal reference (Pin 25). However, sepa- 
rate sources may be used for the two currents if desired. 



FIGURE 12 — UNIPOLAR CONVERSION USING EXTERNAL 
■ AND RESISTORS 
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A modulation of the input signal (for waveform ma- 
nipulation or signal processing) may be done by apply- 
ing the modulating signal to the reference current. Re- 
writing equation 1 to determine the output code results 
in: 



In x 256 



^n 



x 256 



4 x l ref R in x 4 x l ref 



(5) 



(The offset term has been omitted to simplify the 
equation.) As can be seen, the output code varies in- 
versely with the reference. When varying the reference 
current, its value must be maintained between 0.5 and 
2.0 mA, and the current flow must always be into Pin 
23 or 24. 



FIGURE 13 — BIPOLAR CONVERSION USING 
EXTERNAL REF 
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MAXIMUM CONVERSION RATE 

Although a conversion, once initiated, requires 7 + 
clock cycles, the maximum conversion repetition rate is 
once per 9 clock cycles, due to the DAC and S AR reset 
times. This is easily achieved by connecting CC to S, 
through a D-type flip-flop, allowing the MC6108 to re- 
start itself at the end of each conversion (see Figure 8). 
In this mode, the data outputs may be connected directly 
to the microprocessor bus, and the BUSY output used 
to indicate when valid data is available. Alternately, the 
data outputs may be connected to latches, which are 
activated by the BUSY signal, in order that the micro- 
processor may read the data at its convenience. This 
configuration may also be used for DMA loading of 
memory. 

MICROPROCESSOR INTERFACING 

With the proliferation of microprocessors available to- 
day, interfacing schemes can take any one of several 
hundred configurations. Figures 14, 15, and 16 indicate 
some generic interfacing schemes which can be 
adapted to most any microprocessor. Some of the ter- 
minology in the Figures is based on the MC6800 series 
of processors — other processors have similar functions 
by different names. 

Figure 14 depicts a simple basic interface using a port 
(such as an MC6821) and/or an interrupt. A conversion 



is initiated whej^the active low address decoder 
switches low, R/W is high, and the port outputs one 
active low pulse to S. At the end of the conversion, CC 
goes low, alerting the processor through the port or 
through an interrupt. The processor can then read the 
data at its convenience by switching R and CS low. 

Figure 15 eliminates the need for an interrupt, and 
instead periodically checks the conversion status at D7 
(D/ST = low) by reading the data bus. When D7 is low, 
the conversion is complete, and the D/ST input is then 
taken high so as to read the data at D0-D7. 

Figure 16 eliminates the need for an interrupt or a 
port, but requires the processor to wait during the con- 
version until it is complete. The conversion is initiated 
when the address decoder switches low, an d R/W goes 
high — that brings CS low and provides the Start pulse. 
The processor waits 9 clock cycles, and then reads the 
data. 

In the above examples, the timing of the S pulse must 
be such that it is low for >50 ns concurrently with CS 
and CLK low, and must include one rising clock edge. 
If the S pulse timing is synchronized with the other in- 
puts, this is relatively easy to guarantee. If, however, in 
Figure 16, the CS and CLK are not synchronized, then 
the SN74LS122 must be set for a pulse width that is 
equal to or greater than one clock cycle. 



FIGURE 14 — BASIC MICROPROCESSOR INTERFACE 
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FIGURE 15 — MICROPROCESSOR INTERFACE 
WITHOUT AN INTERRUPT 
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I INTERFACE WITHOUT 
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STAND-ALONE USE 

Although the MC6108 was designed for use with mi- 
croprocessors, it can be used in a stand-alone mode. 
The digital inputs may be controlled by other digital 
circuitry, or hard-wired in a simple application. Figure 
17 shows a simple configuration whereby the MC6108 
is permanently enabled, and each S input pulse pro- 
vides new data at the outputs. Figure 18 shows a circuit 
whereby the MC6108 is continually self-updating the 
information into latches. The latches are necessary 
since in this mode of operation, the MC6108 data out- 
puts are in the 3-state mode the majority of the time. 
The 430 fi resistor and 68 pF capacitor provide a =60 
ns delay from CC's falling edge to allow D0-D7 to sta- 
bilize, and to allow the setup time required by the 
SN74LS374 latches. The clock high time in this circuit 
must be &100 ns. 

NEGATIVE VOLTAGE REGULATOR 

In the cases where a negative power supply is not 
available — neither the - 5.2 volts, nor a higher negative 
voltage from which to derive the - 5.2 volts — the circuit 
of Figure 19 can be used to generate the - 5.2 volts from 
the +5.0 volts supply. The PC board space required is 
small (=2.0 in 2 ), and it can be located physically close 
to the MC6108. The MC34063 is a switching regulator, 
and in Figure 19 is configured in an inverting mode of 
operation. The regulator operating specifications are 
given in the Figure. 
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FIGURE 18 — STAND-ALONE OPERATION AT 
MAXIMUM UPDATE RATE 
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FIGURE 19 5.2 VOLTAGE REGULATOR 
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GLOSSARY 



BANDGAP REFERENCE — A voltage reference circuit 
based on the predictable base-emitter voltage of a tran- 
sistor. The silicon bandgap voltage of =1.2 volts is the 
basis for generating other voltages which are stable 
with time and temperature. 

BIPOLAR INPUT — A mode of operation whereby the 
analog input (of an A-D), or output (of a DAC), includes 
both negative and positive values. Examples are -5 to 
+ 5 V, -2 to +8 V, etc. 

BIPOLAR OFFSET ERROR — The difference between the 
actual and ideal locations of the 00h to 01 h transition, 
where the ideal location is 1/2 LSB above the most neg- 
ative input voltage. 

BIPOLAR ZERO ERROR — The error (usually expressed 
in LSBs) of the input voltage location (of an A-D) of the 
7Fh to 80h transition. The ideal location is 1/2 LSB below 
zero volts in the case of an A-D set up for a symmetrical 
bipolar input (e.g., -5 to +5 V). 

DAC CURRENT GAIN — The internal gain the DAC ap- 
plies to the reference current to determine the full scale 
output current. The actual maximum current out of a 
DAC is one LSB less than the full scale current. 

DIFFERENTIAL NON-LINEARITY — The maximum de- 
viation in the actual step size (one transition level to 
another) from the ideal step size. The ideal step size is 
defined as the Full Scale Range divided by 2 n (n = num- 
ber of bits). This error must be within ± 1 LSB for proper 
operation. 

FULL SCALE CURRENT or RANGE (ACTUAL) — The dif- 
ference between the actual minimum and maximum 
end points of the analog input (of an A-D), or output (of 
a DAC). 

FULL SCALE RANGE (IDEAL) — The difference between 
the actual minimum and maximum end points of the 
analog input (of an A-D), or output (of a DAC), plus one 
LSB. 

GAIN ERROR — The difference between the actual and 
expected gain (end point to end point) of a data con- 
verter, with respect to the device's internal reference. 
The gain error is usually expressed in LSBs. 

INTEGRAL NON-LINEARITY — The maximum error of 
an A-D, or DAC, transfer function from the ideal straight 
line connecting the analog end points. This parameter 
is sensitive to dynamics, and test conditions must be 
specified in order to be meaningful. This parameter is 
the best overall indicator of the device's performance. 

LSB — Least Significant Bit. It is the lowest order bit of 
a binary code. 



LINE REGULATION — The ability of a voltage regulator 
to maintain a certain output voltage as the input to the 
regulator is varied. The error is typically expressed as 
a percent of the nominal output voltage. 

LOAD REGULATION — The ability of a voltage regulator 
to maintain a certain output voltage as the load current 
is varied. The error is typically expressed as a percent 
of the nominal output voltage. 

MONOTONICITY — The characteristic of the transfer 
function whereby increasing the input code (of a DAC), 
or the input signal (of an A-D), results in the output never 
decreasing. 

MSB — Most Significant Bit. It is the highest order bit 
of a binary code. 

NATURAL BINARY CODE — A binary code whose nor- 
malized decimal value is defined by: 
N = A n 2n + ... + A 3 23 + A 2 22 + A^1 + A 2° 

where each "A" coefficient has a value of 1 or 0. Typ- 
ically, all zeroes corresponds to a zero input voltage of 
an A-D, and all ones corresponds to the most positive 
input voltage. 

OFFSET BINARY CODE — Applicable only to bipolar in- 
put (or output) data converters, it is the same as Natural 
Binary, except that all zeroes corresponds to the most 
negative input voltage (of an A-D), while all ones cor- 
responds to the most positive input. 

POWER SUPPLY SENSITIVITY — The change in a data 
converter's performance with changes in the power 
supply voltage(s). This parameter is usually expressed 
in percent of full scale versus AV. 

QUANTIZATION ERROR — Also known as digitization 
error or uncertainty. It is the inherent error involved in 
digitizing an analog signal due to the finite number of 
steps at the digital output versus the infinite number of 
values at the analog input. This error is a minimum of 
±1/2 LSB. 

RESOLUTION — The smallest change which can be dis- 
cerned by an A-D converter, or produced by a DAC. It 
is usually expressed as the number of bits, n, where the 
converter has 2 n possible states. 

SAMPLING THEOREM — Also known as the Nyquist 
Theorem. It states that the sampling frequency of an 
A-D must be no less than 2x the highest frequency (of 
interest) of the analog signal to be digitized in order to 
preserve the information of that analog signal. 
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TWO'S COMPLEMENT CODE — A binary code appli- 
cable to bipolar operation, in which the positive and 
negative codes of the same analog magnitude sum to 
all zeroes, plus a carry. It is the same as Offset Binary 
Code, with the MSB inverted. 

UNIPOLAR INPUT — A mode of operation whereby the 
analog input range (of an A-D), or output range (of a 



DAC), includes values of a single polarity. Examples are 
Oto +10 V, Oto -5 V, +2 to +8V, etc. 

UNIPOLAR OFFSET ERROR — The difference between 
the actual and ideal locations of the 00h to 01 h tran- 
sition, where the ideal location is 1/2 LSB above the 
most negative input voltage. 



OUTLINE DIMENSIONS 




P SUFRX 

PLASTIC PACKAGE 
CASE 710-02 



NOTES: 

1. POSITIONAL TOLERANCE OF LEADS (01, SHALL BE 
WITHIN 0.25mm|0.010l AT MAXIMUM MATERIAL 
CONDITION, IN RELATION TO SEATING PLANE 
AND EACH OTHER. 

2. DIMENSION L TO CENTER OF LEADS WHEN 
FORMED PARALLEL 

3. DIMENSION B DOES NOT INCLUDE MOLD FLASH. 



DIM 


MILUV 


ETERS 


INCHES 


MIN 


MAX 


MIN 


MAX 


A 


36.45 


37.21 


1.435 


1.465 


B 


1372 


14.22 


0.540 


0.660 


C 


3.94 


5.08 


0.155 


0.200 


D 


0.36 


0.56 


0.014 


0.022 


F 


1.02 


1.52 


0.040 


0.060 


G 


2.54 BSC 


0.100 BSC 


H 


1.65 I 2.16 


0.065 


J 085 


J 


0.20 


0.38 


0.008 


0.015 


K 


2.92 


3.43 


0.115 


0.135 


L 


15.24 BSC 


0.600 BSC 


M 


0° 


15° 


0" 


15° 


N 


0.51 


1.02 


0.020 


0.040 
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Specifications 
and Applications Information 



HIGH SPEED 
8-BIT DIGITAL-TO-ANALOG CONVERTER 

The MC10318 is a high-speed D/A converter capable of data 
conversion rates in excess of 25 M Hz. The digital inputs are compat- 
ible with MECL 10,000 Series Logic. Complementary current out- 
puts provide up to 56 mA full scale capability. The MC1 031 8 meets 
the requirements of many applications, including: high-speed instru- 
mentation and test equipment, storage oscilliscopes, display 
processing, radar systems, and digital video systems (broadcast and 
receiver applications). 

• FAST Settling Time — 1 ns (Typ to ±0.1 9%) 

• Inputs MECL 10,000 Compatible 

• Complementary Current Outputs 

• Output Compliance: -1.3Vto +2.5V 
. Single MECL Supply: -5.2V 

16-Pin Dual-in-Line Package 



BLOCK [ 



Digital Inputs 



(MSBI D7 D6 D5 D4 D3 02 D1 DO (LSBI 
OOOOOOOO 
8 7 6 5 4 3 2 1 



Vref * O- 
Vref-O 



10 





' V EE 



11 

O 
Comp 



VEE 



14 
-Olo 



-O l 
15 



Gnd V EE 



MC10318 



HIGH SPEED 
8-BIT DIGITAL-TO-ANALOG 
CONVERTER 








L SUFFIX 

CERAMIC PACKAGE 
CASE 690 











(TOP VIEW) 




LSB D0|T 




]6\ Gnd 


D1 [7 




lU Z 


D2 [T 




If! 'o 


D3[T 




T|] NC 


D4 (T 




H]v r ef + 


D5 [T 




u\ Comp 


D6 \T 




lU v ref - 


MSB D7 \T 




H V E E 









DS9580 

(Replaces AD1-510 R1| 
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MAXIMUM RATINGS (T A . 25 C unless otherwise noted .] 



Rating 


Symbol 


Value 


Unit 


Power Supply Voltage 


V EE 


- 6.0 to + 0.5 


Vdc 


Digital Input Voltage 


v l 


to Vee 


Vdc 


Applied Output Voltage 


v O 


+ 5.0 to Vee 


Vdc 


Reference Current 


I refill 


5.0 


mA 


Output Current 


!FS 


- 75 


mA 


Reference Amplifier Input Range 


Vref 


+ 0.5 to Vee 


Vdc 


Reference Amplifier Differential Inputs 


Vref(D) 


±5.0 


Vdc 


Operating Temperature Range 


TA 


to +70 


°C 


Storage Temperature Range 


Tstg 


- 65 to + 1 50 


°c 


Junction Temperature Ceramic Package 


Tj 


+ 175 


"C 


Thermal Resistance, Still Air 
Junction to Ambient With 500 LFPM 


R8j A 


80 
50 


•c/w 



DC CHARACTE RISTICS (V E E = -5.2 V, ±5% T A = 0°C to + 70°C after thermal equilibrium is reached.) 



Characteristics 




Symbol 


Min 


Typ 


Max 


Unit 


Nonlinearity (Integral) 

(Pin 14 or 15) MC10318L 
i(a l FS = 51 mA, 25.5 mA) 




— 


— 




±0.19 


%FS 


Zero Scale Output Current (Pin 14 or 15) (T A = 25°C) 


10 


izs 


- 


5.0 


50 


nA 


Zero Scale Output Current Temperature Drift 

(Pin 14 or 15) < T A < 25°C 

25°C < T A < 70°C 




'ZS/iT 


- 


±17 
±2.0 


- 


nA/°C 


Full Scale Output Current (Pin 14 or 15) 
Oref = 3.2 mA, D0-D7 = 1) 


10 


lFS 


- 46.00 


-51.00 


- 56.00 


mA 


Full Scale Output Current Temperature Drift 
(Pin 14 or 15) < T A < 25°C 

25°C < T A < 70°C 




■ilFSrc 


— 


±50 
±10 


— 


ppm/X 


Full Scale Output Sensitivity to Power MC10318L 
Supply Variations (Pin 14 or 15) 

\ — H.J** V ^» "EE 3.**D V/ 




IFSPSS 




±0.005 


±0.02 


%/% 


Full Scale Symmetry (Ips — 'FS' 


10 


!FSS 




±21 


±100 


MtA 


Output Voltage Compliance (Pin 14 or 15) 
Full Scale Current Change s Vi LSB (Specified 
Nonlinearity) (T A = 25°C) 




voc 


-1.3 




+ 2.5 


V 


Output Resistance (Pin 14 or 15) (T A = 25°C) 


12 


Ro 




69 




kfl 


Reference Amplifier Offset Voltage (T A = 25°C) 




VlO 




±3.2 




mV 


Reference Amplifier Offset Voltage Temperature Drift 

< T A < 25X 
25°C < T A < 70°C 




■I^IO/AT 




±10 
±4.0 




M.V/X 


Reference Amplifier Bias Current (Pin 10} 
(l re f = 3.2 mA) 




l|B 




4.0 


15 




Reference Amplifier Bias Current Temperature Drift 
(l re f = 3.2 mA) < T A < 25°C 

25°C < T A < 70X 




AI|B/AT 




-40 
-10 




nA^C 


Reference Amplifier Common Mode Range 
(Vee - - 5-2 V) (T A = 25-C) 




VlCR 




±1.15 




V 


Reference Amplifier Common Mode Rejection 
Ratio (T A = 25°C) ll re f = 3.2 mA, V|CR = to - 2.0 V, 
Pins 1-8 = Logic 1) 




V ICMRR 




58 




dB 


Reference Amplifier Input Impedance 
(Pin 10) (T A = 25°C) 




"IN 




1.0 




Mil 


Power Supply Current 
(Pins 1 thru 8 Open, l re f = 3.2 mA, Includes l D + y 




'EE 




90 


130 


mA 
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AC CHARACTERISTICS <T A = 25°C, > 



t 5%) 



Characteristics 


Fig. 


Symbol 


Min 


Typ 


Max 


Unit 


Feedthrough Current — All Bits Off 

f = 10 kHz 
f=100 kHz 


9 


IFC 




2.0 
18 




ji.A p-p 


Distortion — (<a l Q ) 
(Sinewave applied to reference amplifier Input, 
D0-D7 = Logic 11 

C = 0.01 (iF, f = 20 kHz 
C = 0.01 u-F, f = 65 kHz 
L = U.UUl (xr, T = J4U kHz 

C - 0.001 u.F, f = 600 kHz 
C - 240 pF, f = 600 kHz 




THD 
THD 
THD 
THD 
THD 


- 


1.0 
5.0 
1 .0 
2.0 
0.8 


- 

— 


% 


Reference Amplifier Slew Rate 
(Step change at Pin 10, all bits on) 

C = 0.01 m-F 
C = 0.001 nF 
C s 240 pF 


13 




— 


0.5 
5.0 
20 


_ 


mA/Vs 


Settling Time (to ±0.19% of Full Scale) 

1 LSB Change 


1,22 


's 




7.0 
10 




ns 


Propagation Delay 


2 


'p 




5.0 




ns 


Output Glitch Energy (with De-Skewing Capacitors) 
(Input Change: 01111111 - — • 10000000) 








50 




LSB-ns 


Glitch Duration 








5.0 




ns 



DIGITAL INPUT VOLTAGE LEVELS 


Volts (See Note) 


T A 




V| HA min 


Vila "no* 


V|[_min 


0°C 


-0.845 


- 1.151 


- 1.516 


- 1.868 


25°C 


-0.810 


- 1.105 


- 1.505 


- 1.850 


70°C 


-0.727 



- 1 052 


- 1.480 


- 1.830 



^EE IP*n 9) The power supply pin. V^g is nominal -5.2 V, 
a 5%. 

Gnd (Pin 16) The ground pin. This line should be as noise-free 
as possible in order to obtain a noise-free output. 



NOTE: Vee = -5,2 V, * 5% Inputs are MECL 10,000 compatible within 
the temperature and power supply ranges listed. See MECL System 
Design Handbook for further details. See Fig. 19 in this data sheet. 



FUNCTIONAL PIN DESCRIPTION 

D0-D7 (Pins 1-8) The eight ECL digital inputs compatible with 
MECL 10,000 series devices. Logic "0" is nominally -1.8 V, 
and Logic "1" is nominally -0.9 V. 

Vref- (P' n 1 **J The high impendance input of the reference 
amplifier. This input is normally grounded, but may be used 
for ac applications involving modulation, digitally controlled 
gain, etc. Normal operating range is from ground to V^e + 2.9 
V (nominally - 2.3 V). 

V re f. (Pin 12) The noninverting input of the reference ampli- 
fier. The inverted output of the reference amplifier is internally 
fed back to this input, thus causing it to track Pin 10. A nominal 
3.2 mA is to be supplied to this pin from an external (stable 
and noise free) voltage source and current setting resistor. 
Comp. (Pin 11) A nominal 0.01 u-F capacitor is connected to 
this pin and to ground to stabilize the reference amplifier. 
Lower values of capacitor may be used if a good PC board 
layout is used, where frequencies higher than 10 kHz are ap- 
plied to the reference amplifier. 

I<j' 'o (Pin* 14.15) The complementary current outputs. Current 
flow is into the DAC and varies linearily with l re f and the digital 
input code. l ou t increases as the digital input increases. Output 
compliance range is - 1.3 V to + 2.5 V. 



FIGURE 1 — SETTLING TIME 



D0-D7 -0.9 V . 
Inpuis - 1.8 V -* 




1 LSB 

| (Expanded 
Scale) 



FIGURE 2 — PROPAGATION DELAY 




MC10318 



REFERENCE AMPLIFIER RESPONSE 



Inverting Input (V re ,J 
Test Circuit of Fig. 14 



Noninverting Input (V ra f 4 ) 
Test Circuit of Fig. 11 




FIGURE « — FREQUENCY RESPONSE 
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FIGURE 7 — FREQUENCY RESPONSE 
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FIGURE 5 — FREQUENCY RESPONSE 
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TEST CIRCUITS 



FIGURE 9 — FEEDTHROUGH MEASUREMENT 



Logic "0" 



♦ 10.56 V 'DO 07 s 




Signal Generator Condition* to 1 V p p Sinewave 



FIGURE 11 — GAIN/PHASE MEASUREMENT 



Logic "1" 
■10 56 V 'DO 07 x 




Signal Generator Conditions. to 2 V p p Sinewave 



Reference dB Level: See Text See Figures 6-8 



FIGURE 13 — REFERENCE AMPLIFIER SLEW RATE 

Logic "V 



'DO D7 N 




Signal Generator Conditions: to - 2 V p p Square Wave, 1 kHz 



FIGURE 10 — ZERO/FULL SCALE CURRENT 




5.2 V 



FIGURE 12 — OUTPUT RESISTANCE 




FIGURE 14 — GAIN/PHASE MEASUREMENT 



. Logic "1" 
* 10 56 V 'DO 07 s 




Signal Generator Conditions: to -2 V p p Sinewave 



Reference d8 Level: See Text. See Figures 3-5 
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OPERATIONAL INFORMATION 

Typical DAC Operation 

The MC10318 is designed to be operated with an l re f 
(Pin 12) of 3.2 mA, resulting in a full scale output current 
<l ) of 51 mA when DO through D7 are at a Logical "1" 
(-0.9 V). The transfer equation for l is therefore: 

'o = 'refX16X^ 

("A" is the binary value of the digital input). 
Typically V re f _ (Pin 10) is connected to Ground, and 
l re f is supplied to V re f , (Pin 12) by means of an external 
supply V r (see Figure 15). A resistor inserted between 
Pin 10 and Ground will minimize temperature drift, and 
should have a value equivalent to that connected to Pin 
12. Any noise or ripple present on the reference current 
will be present on the output current, and the stability 
of the reference directly affects the output current's sta- 
bility. The ground connection for V re f should be cho- 
sen with care so as not to pick up noise (digital or 
otherwise). 

The complementary outputs (l and l ) are high 
impedance current sources having a compliance range 
of 3.8 V ( - 1.3 to +2.5 V). I Q increases with increasing 
digital input, while l decreases. Their sum is a constant 
equal to 15.94 x l re f. Neither output can be left open 
— an unused output must be connected to ground or 
a load resistor. Typically both outputs should be loaded 
similarly for best speed and accuracy performance. A 
compensation capacitor must be connected between 
Pin 11 and Ground to stabilize the amplifier. A 0.01 p.F 
ceramic is satisfactory for most applications, and should 
be located physically close to the device. The ground 
side of the capacitor should be noise-free. When op- 
erated as above, the output(s) will be controlled by the 
digital inputs, and the MC10318 can be used for various 
functions such as waveform generation, process con- 
trol, ADC conversion, and others. 



with the digital inputs for applications such as digitally 
controlled gain of an ac signal, digitally controlled am- 
plitude modulation, and others. Either the positive or 
negative input of the reference amplifier may be used, 
depending on the application. There are, however, dif- 
ferences in the manner in which an ac signal is to be 
applied. 

1 ) When applying a signal to the V re f . (Pin 10) input 
(See Figure 16), the signal must be kept within the range 
of to - 2.3 V. The input has a high impedance (typically 
1 Megohm). The V re f t pin (Pin 12) will track this signal, 
causing l re f to vary, in turn causing l Q and l Q to vary. 
The ac component of l (and l ) will be in phase with 
the applied signal. The ac gain of the circuit shown is: 



A V, 



out 



A Vj, 



A x R L 
16 x R R 



Applying the above to the test circuit of Figure 14 
yields a gain of 0.0966, which is the dB reference level 
for the curves of Figures 3-5. 

FIGURE 16 — AC OPERATION, NONIN VERTING 



Digital Input "A" 
Vref 'DO Dl N 




— ' 










15 













FIGURE 15 — TYPICAL OPERATION 



Digital Signal "A" IECL Level) 
► V re f /DO D7 \ 





Common Mode Range — AC Operation 

The reference amplifier inputs (Pins 10 and 12) may 
be used to control the output current in conjunction 



If the peak values of the applied ac signal cannot be 
kept within the above mentioned voltage range, an al- 
ternate circuit is shown in Figure 17. 

FIGURE 17 - AC OPERATION, NONINVERTING (ALTERNATE) 



V,et 



Digital Input "A" 
'DO D7 x 

???????? 




r A O >« ^ S 2VO ~= 

ac Signal Ip-p * 2 VI 
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The compensation capacitor (Pin 11) of Figures 16 
and 17 is to be nominally 0.01 m-F for best overall sta- 
bility. If frequencies higher than 1 kHz are to be applied 
to the reference input, a smaller value capacitor will be 
necessary as indicated by Figures 3-5. However, greater 
care will be necessary in the breadboarding and PC 
layout to prevent instabilities caused by unintended 
feedback paths. 

2) When applying a signal to the V re f, (Pin 12) input 
(see Figure 18), the effect is a direct modulation of the 
reference current supplied by V re f. Pin 12 is a virtual 
ground, and therefore the current l re f is equal to: 

Iref - + ^ 
r6f Rref Ri 

l and Iq" will vary with the reference current, but the 
ac component will be 180° out of phase with the applied 
signal. The ac gain of the circuit shown is: 



AV 



put 



- A x R L 



AV, 16xR| 

Applying the above to the test circuit of Figure 11 
yields a gain of -0.3188, which is the dB reference 
level for the curves of Figures 6-8. 

The reference current l re f must always flow into Pin 
12, requiring that the values of V re f, R re f, Rj, and Vj be 
chosen so as to guarantee this. 

FIGURE 18 — AC OPERATION, INVERTING 



Digital Input "A" 
'DO-- 








The compensation capacitor (Pin 11) of Figure 18 is 
to be nominally 0.01 p-F for best overall stability. If fre- 
quencies higher than 4 kHz are to be applied, a smaller 
value capacitor will be necessary as indicated by Figures 
6-8. However, greater care will be necessary in the 
breadboarding and PC layout to prevent instabilities 
caused by unintended feedback paths. 



sign guidelines apply, and should be implemented. 
Maximum speed response requires careful PC board 
layout and choice of components. See Motorola's MECL 
System Design Handbook for a complete explanation 
of specifications and characteristics. Figure 19 shows 
a typical ECL interconnection with recommended values 
for optimum speed performance. Other values of Rj 
and Vjt may be used, but at a slight increase in overall 
propagation delay. Unused inputs should not be left 
open, but should be connected to a Logic ( - 1.8 V), 
or a Logic 1 ( - 0.9 V). Resistors Rj should be connected 
at the receiving end of the interconnection, i.e. physi- 
cally located adjacent to the MC10318 inputs, for best 
speed performance. 



FIGURE 19 - STANDARD MECL INTERFACE 




Interfacing a TTL system to the MC10318 is easily 
accomplished by the use of two MC10124 devices (Fig- 
ure 20). 

FIGURE 20 — TTL INTERFACE 
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DIGITAL INTERFACE 

The digital inputs (Pins 1-8) are compatible with 
MECL 10,000 series devices over the temperature and 
Vee range listed on page 3. Standard MECL 10,000 de- 



OUTPUT CHARACTERISTICS 

The MC10318 DAC has been designed specifically for 
high-speed operation by incorporating ECL structured 
inputs, bit switching circuits which are small in size and 
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simple in operation, and high-current complementary 
outputs (which permits current steering rather than on- 
off switching). In this manner, very short propagation 
delays and settling times are possible. 



Output Glitch 

All DAC's will produce a glitch at the output when 
various bits are switched in opposite directions, due to 
differences in transition times of the switching transis- 
tors. During the switching period, typically the output 
current will momentarily seek a value other than the 
desired final value, and then return to and settle at the 
final value. This glitch can be several LSBs in magni- 
tude, but of a very short duration (5-6 ns). In some 
instances, the output current may overshoot, and then 
undershoot before reaching the final value, resulting in 
a "glitch doublet." 

The glitch is most apparent when switching the higher 
order bits, and in the case of the MC10318, the maxi- 
mum glitch generally occurs when switching bit D5 and 
the lower 5 bits (typically 85 LSB ns). Switching bit D6 
and the lower 6 bits produces a similar but slightly re- 
duced glitch. Switching bit D7 and the seven lower bits 
(major carry transition) results in a glitch of typically 50 
LSB ns. with an amplitude of 17 LSBs. Switching of 
lower order bits while maintaining the higher ones con- 
stant produces glitches typically of less than 1 LSB in 
magnitude, and less than 10 ns in duration, and are 
generally not considered to be of significance. 

Glitches can be removed from the output by filtering, 
or by using a sample-and-hold circuit on the output, or 
by using de skewing capacitors on the higher order bits. 
See Fig. 31. 

Output glitch is generally specified in terms of glitch 
energy, which is the area under the curve of the wave- 
form. Most glitches appear as a triangle, and so the area 
is simply 'i x | x Al, where t is the duration of the 
glitch, and Al is the amplitude normalized in terms of 
LSBs. In the case of a glitch doublet, having both pos- 
itive and negative amplitude, the areas are summed 
algebraically. It is possible, therefore to have a glitch 
with zero energy, although having amplitudes of several 
LSB's. 

In applications where the output glitch is of concern, 
steps can be taken to minimize its magnitude. The two 
main factors to consider are: 1) That the 8 bits of data 
reach the MC10318 simultaneously; and 2) that the PC 
board layout prevent noise from reaching the MC10318. 

It is obvious that if the updated 8 bits are not received 
by the DAC simultaneously, even an ideal DAC will not 
produce an ideal waveform. Where simultaneous trans- 
mission by the sending device(s) cannot be guaranteed 
(such as two cascaded counters), latches should be used 
ahead of the MC10318. The latches should then be 
clocked after their inputs have settled. Suggested latches 
are the MC10133/MC10153/MC10168 at the ECL level, 
and the SN74LS273 at the TTL level. 



FIGURE 21 - PRECISION HIGH-SPEED MEASUREMENTS 



Nonlinearity 

Integral nonlinearity has been specified, rather than 
differential nonlinearity, as this is a better indicator of 
the maximum error to be expected. Integral nonlinearity 
is measured by comparing the actual output (at each 
digital value) with the expected ideal value. The ex- 
pected values lie along a straight line between zero and 
the full scale output current. The MC1 031 8 will not differ 
from the ideal value by more than the specified non- 
linearity. 

PC Board Layout 

A proper PC board layout is very important in order 
to obtain the full benefits of the MC10318's high-speed 
characteristics. Each of the current paths (l Q , l , Ip^, I re f, 
etc.) must be carefully considered to avoid interference, 
and isolation from other circuits on the board (partic- 
ularly digital) is essential. By-passing of all supplies is, 
of course, necessary, and in some cases, by-passing to 
Vf£E may be more beneficial than by-passing to Ground. 
Sockets should be avoided as the extra pin-to-pin ca- 
pacitance can slow down the ECL edges and/or the out- 
put settling time. PC board layout should include the 
following guidelines: 

1 1 A dedicated ground track from the power supply 
to Pin 16 (Gnd); 

2) A single dedicated ground track from the power 
supply to the two load resistors associated with 
l and l — this results in a constant dc current 
in this track; 

3) A separate ground for the circuitry associated 
with V re f,, V re f_, and Comp (Pins 10-12). Any 
noise on this ground will feed through the ref- 
erence amplifier and show up on the output; 

4) The compensation capacitor must be physically 
adjacent to Pin 11; 

5) Bypass Vgr; (Pin 9) with a 0.1 y.F to the ground 
line feeding the load resistors; 

6) Provide proper terminations at the inputs — the 
suggested values for Bj and V-r-r will provide best 
speed response; 
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7) Bypass V-r-r to V EE and to Ground with 1 
capacitors; 

8) If the power supplies are not on the same PC 
board with the MC10318, bypass Vc.c. and Vjj to 
Ground with (minimum) 10 m-F and 0.1 \iF where 
the supply voltages enter the PC board; 

9) Use of a ground plane is mandatory in all high 
speed applications; 

10) Keep all TTL circuitry tracks separate from the 
MC10318 by means of ground tracks and or 
ground planes. 



Many of the above points have to do with isolating 
the device from all other circuitry, since most applica- 
tions involve using the MC10318 (which is 50% analog) 
in a (noisy) digital circuit. If the output voltage swing 



is typically 1 volt, then 1 LSB is approximately 4 mV. 
Since TTL circuitry can easily generate 50 mV noise on 
the ground line, the need for isolation is apparent. 

The above points are not the only ones to be consid- 
ered by the designer, as each application will have its 
own individual additional requirements. 



Propagation Delay 

The propagation delay is measured from the 50% 
point of the input transition to the 50% point of the 
output transition. Since the typical propagation delay 
is on the order of 5 ns, see Figure 21 and the information 
in Settling Time if this parameter is to be measured. 
Switching 1 LSB or all of the bits simultaneously pro- 
duces no significant difference in propagation delay. 



FIGURE 22 - SETTLING TIME MEASUREMENT 







O -25 V 




Scope 



Scope 



NOTES: 

1) Pulse generator outputs -0.9 V to - 1.8 V, t r and tf 

-> 2 ns. 

2) Adjust v re f for full scale output at Va = - 1.3000 V. 

3) Adjust R1 for - 1 .3075 V at input of lower comparator. 

4) Adjust R2 for - 1 .2925 V at input of upper comparator. 

5) R1, R2 are 20 turn trimpots. 

6) Keep all wiring as short, tidy as possible — isolate 



8) 



all digital and analog supplies, grounds, signal lines, 
etc. 

Heavily bypass all supplies at each device, and ref- 
erence ( - ) inputs to the comparators. 
Comparators are high-speed devices, such as 
AM687ADL 



9) Account for comp 
ence values. 



when setting refer- 
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Settling Time 

The settling time is defined as the time from the 50% 
point of the input transition to the point at which the 
output enters into and stays within ± V;LSB (the error 
band) of the final value. Minimum settling time occurs 
when the output enters the error band at the maximum 
slew rate, and then settles out within the band. In ac- 
tuality, however, the output's slew rate will lessen prior 
to entering the error band, and then may exit and enter 
the band once or twice as it settles to its final value. The 
settling time is determined by the last time the output 
enters the error band. See Figure 1. 

When testing for settling time, the measurement tech- 
nique used will have an effect on the result. Simply 
connecting scope probes to an input and output is gen- 
erally not satisfactory due to the capacitive loading (typ- 
ically 10-20 pF) of the probes. The rise (fall) time of an 
ECL input can be significantly increased by such a 
probe, with the result that the inputs of the MC10318 
may be skewed from each other, which, in turn, affects 
the output. However, probes with low input capaci- 
tance, on the order of 2 pF or less (such as FET probes), 
can be used with very little degradation of the wave- 
forms. The overall propagation delay of the probe (from 
tip to scope input) must be taken into account, as this 
can be on the order of 10 ns. 

When attempting to view the output on a scope, sev- 
eral factors need to be considered. If the output swing 
is a full scale transition (e.g., 1.0 V), 1 LSB is 3.9 mV. 
The scope's amplifier must then be set at a sensitive 
range (5 mV/cm or 10 mV/cm), with the result that the 
scope's amplifier will be saturated when the MC10318's 
output is at the initial value. When the device inputs are 
switched, the output approaches the final value, but the 
scope's amplifier will require some time to come out 
of saturation, and then may overshoot, causing a false 
indication. In order to overcome this problem, the 
MC10318 was tested for settling time by connecting the 
output to a dual high-speed comparator configured as 
a window detector. The window is 1 LSB wide, centered 
about the final value. The outputs of the comparators 
are then monitored on a scope, as they indicate when 
the MC10318 output is settled within the error band. 
Propagation delays of the comparators, scope probes, 
and cable lengths are taken into account. See Figure 22. 
This method of monitoring the DAC's output, although 
indirect, does not cause changes to the output wave- 
form because of probe loading, characteristics of the 
scope, or noise which the probe (and cable) may pick 
up. 

APPLICATIONS 

Voltage Output 

There are two methods of converting the current out- 
put of the MC10318 to voltage outputs, depending on 
the voltage swing desired. For a limited range 
(<3.8 V p-p) the circuit of Figure 23 can be used. 



FIGURE 23 - VOLTAGE OUTPUT 
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Where a larger voltage swing is required, an op amp 
is required at the output. The choice of op amp will be 
based on whether accuracy or speed is of primary im- 
portance. Where repeatable and stable accuracy is re- 
quired, the op amp characteristics to consider are open- 
loop gain, offset voltage, bias current, and temperature 
drift. Where speed is paramount, a wideband amplifier 
should be used. Slew rate, propagation delay, and set- 
tling time of the op amp are the primary factors to eval- 
uate. The PC board should be designed for high fre- 
quency operation, possibly using Microstrip or Stripline 
techniques. See Figure 24 for a suggested circuit. 



FIGURE 24 — VOLTAGE OUTPUT 
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Connecting l and l c as shown in the above figures 
places a constant dc load (51 mA) on the Vg supply, 
thus facilitating its design. The Gain Adjust resistor 
should be a 20 turn trimpot, as this will result in one 
turn equaling approximately 1 LSB of adjustment (for 
the recommended values in the figure). All of the re- 
sistors should have similar temperature coefficients for 
best temperature stability. 
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FIGURE 25 - SAWTOOTH GENERATOR 



WAVEFORM GENERATION 

FIGURE 26 — TRIANGLE GENERATOR 
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FIGURE 27 — SINEWAVE GENERATOR 
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FIGURE 28 — OUTPUT CONNECTED TO 75 11 LINE 
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NOTE Terminating Resistors and 2 D must be matched to within 0.4** 
10 keep initial reflection below 1 2 LSB in magnitude. 



FIGURE 29 — OUTPUT CONNECTED TO 50 n LINE 
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FIGURE 30 - DIGITAL MULTIPLICATION 




NOTE: Terminating Resistors and Z Q must be matched to 
within 0.4% to keep initial reflection below 12 LSB in 
magnitude. 
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NOTES: 

1) When generating waveforms at low frequencies, fil- 
tering the output is recommended to smooth out the 
steps. 

2) In many applications, bipolar voltage output may be 



obtained by monitoring the differential voltage at Pins 
14 and 15 (with equal load resistors). 
3) When connecting the outputs to transmission lines 
(See Figures 28 and 29), proper transmission line theory 
and techniques must be used for optimum performance. 
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THERMAL INFORMATION 



The maximum power consumption an integrated cir- 
cuit can tolerate at a given operating ambient temper- 
ature, can be found from the equation: 

T J(max) ~ T A 



p D(Ta 



R 9JA< T VP) 



Where: P[)(T/^) = Power Dissipation allowable at a 
given operating ambient temperature. This must be 
greater than the sum of the products of the supply volt- 



ages and supply currents at the worst case operating 
condition. 

Tj(max) = Maximum Operating Junction Temper- 
ature as listed in the Maximum Ratings 
Section 

T^ = Maximum Desired Operating Ambient 
Temperature 

RgjA(Typ) = Typical Thermal Resistance Junction to 
Ambient 



FIGURE 35 - MC10318 EQUIVALENT CIRCUIT 
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Specifications and Applications 
Information 



HIGH SPEED 
S-BIT ANALOG-TO-DIGITAL CONVERTER 

The MC10319 is an 8-bit high speed parallel flash A/D converter. 
The device employs an internal Grey code structure to eliminate 
large output errors on fast slewing input signals. It is fully TTL 
compatible, requiring a +5.0 V supply and a wide tolerance neg- 
ative supply of -3.0 to -6.0 V. Three-state TTL outputs allow 
direct drive of a data bus or common I/O memory. 

The MC10319 contains 256 parallel comparators across a pre- 
cision input reference network. The comparator outputs are fed 
to latches and then to an encoder network, to produce an 8-bit 
data byte plus an overrange bit. The data is latched and converted 
to 3-state LS-TTL outputs. The overrange bit is always active to 
allow for either sensing of the overrange condition or ease of 
interconnecting a pair of devices to produce a 9-bit A/D converter. 

Applications include Video Display and Radar processing, high 
speed instrumentation and TV Broadcast encoding. 

• Internal Grey Code for Speed and Accuracy, Binary Outputs 

• 8-Bit Resolution/9-Bit Typical Accuracy 

• Easily Interconnected for 9-Bit Conversion 

• 3-State LS-TTL Outputs with True and Complement Enable 
Inputs 

• 25 MHz Sampling Rate 

• Wide Input Range: 1.0-2.0 V p . p Between ±2.0 V 

• Low Input Capacitance: 50 pF 

• Low Power Dissipation: 618 mW 

• No Sample/Hold Required for Video I 

• Single Clock Cycle Conversion 





HIGH SPEED 
8-BIT ANALOG-TO-DIGITAL 
FLASH CONVERTER 

SILICON MONOLITHIC 
INTEGRATED CIRCUIT 




L SUFFIX 

CERAMIC PACKAGE 
CASE 623-05 



BLOCK DIAGRAM 
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Motorola reserves the right to make changes without 
further notice to any products herein to improve re- 
liability, function or design. Motorola does not as- 
sume any liability arising out of the application or use 
of any product or circuit described herein; neither 
does it convey any license under its patent rights nor 
the rights of others. Motorola and glare registered 
trademarks of Motorola, Inc. Motorola, Inc. is an 
Equal Employment Opportunity/ Affirmative Action 
Employer. 
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ABSOLUTE MAXIMUM RATINGS 



Parameter 


Symbol 


Value 


Unit 


Supply Voltage 


V CC(A),(D) 

vee 


+ 7.0 
-7.0 


Vdc 


Positive Supply Voltage Differential 


VCC(D)- 
VCC(A) 


-0.3 to +0.3 


Vdc 


Digital Input Voltage (Pins 18-20) 


V|(D) 


-0.5 to +7.0 


Vdc 


Analog Input Voltage (Pins 1, 14, 23, 24) 


V«A> 


-2.5 to +2.5 


Vdc 


Reference Voltage Span (Pin 24-Pin 23) 




2.3 


Vdc 


Applied Output Voltage (Pins 4-10, 21 in 3-State) 




-0.3 to +7.0 


Vdc 


Junction Temperature 


Tj 


+ 150 


X 


Storage Temperature 


T stg 


-65 to +150 


c 



Devices should not be operated at these values. The "Recommended Operating Limits" provide guidelines for actual device operation. 



RECOMMENDED OPERATING LIMITS 



Parameter 


Symbol 


Min 


Typ 


Max 


Unit 


Power Supply Voltage (Pin 15) 


VCCIA) 


+ 4.5 


+ 5.0 


+ 5.5 


Vdc 


(Pins 11, 17) 


VCC(D) 










VCC(D) ~ V CC(A) 


AVCC 


-0.1 





+ 0.1 


Vdc 


Power Supply Voltage (Pin 13) 


vee 


-6.0 


-5.0 


-3.0 


Vdc 


Digital Input Voltages (Pins 18-20) 


V|(D) 







+ 5.0 


Vdc 


Analog Input (Pin 14) 


V KA) 


-2.1 




+ 2.1 


Vdc 


Voltage @ V RT (Pin 24) 


Vrt 


-1.0 




+2.1 


Vdc 


Voltage a V RB (Pin 23) 


vrb 


-2.1 




+ 1.0 


Vdc 


v rt - vrb 


AVr 


+ 1.0 




+ 2.1 


Vdc 


vrb - v EE 




1.3 






Vdc 


Applied Output Voltage (Pins 4-10, 21 in 3-State) 


Vo 







5.5 


Vdc 


Clock Pulse Width — High 


l CKH 


5.0 


20 




ns 


Low 


<CKL 


15 


20 






Clock Frequency 


<CLK 







25 


MHz 


Operating Ambient Temperature 


T A 







+ 70 


°C 



ELECTRICAL CHARACTERISTICS (0° < T A < 70°C, V C c = 5.0 V, V E e = - 5.2 V, Vrj = + 1 .0 V, V RB = - 1 .0 V, except 



where noted.) 



Parameter 


Symbol 


Min 


Typ 


Max 


Unit 


TRANSFER CHARACTERISTICS (f C KL = 25 MHz) 


Resolution 


N 






8.0 


Bits 


Monotonicity 


MON 


Guaranteed 


Bits 


Integral Nonlinearity 


INL 




±1/4 


±1.0 


LSB 


Differential Nonlinearity 


DNL 






±1.0 


LSB 


Differential Phase (See Figure 16) 


DP 




1.0 




Deg. 


Differential Gain (See Figure 16) 


DG 




1.0 




% 


Power Supply Rejection Ratio 

(4.5 V < V CC < 5.5 V, Vee = -5.2 V) 
(-6.0 V < V EE < -3.0 V, V C C = +5.0 V) 


PSRR 




0.1 





LSB/V 
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ELECTRICAL CHARACTERISTICS — continued (0 < 1 A '0C.v C c 5 0V.V EE 5JV.V RT - 10V 

V RB = 1.0 V, except where noted.) 

Parameter Symbol [ Min Typ | Max | Unit 



ANALOG INPUT (PIN 14) 



Input Current ft/ Vj n = Vrr (See Figure 5) 


Mnl 


- 100 









Input Current ft/ Vj n = Vrt (See Figure 5) 


Nnh 




60 


150 


ImA 


Input Capacitance (Vrt - Vrb = 2.0 V, See Figure 4) 


Qn 




36 




pF 


Input Capacitance (Vrj - Vrb « 1.0 V, See Figure 4) 






55 




PF 


Bipolar Offset Error 


v s 




0.1 




LSB 



REFERENCE 



Ladder Resistance (Vrt to Vrb, Ta = 25°C) 


Rref 


104 


130 


156 


n 


Temperature Coefficient 


TC 




+ 0.29 




%/°C 


Ladder Capacitance (Pin 1 open) 


Cref 




25 




pF 


ENABLE INPUTS (V C c = 5.5 V) (See Figure 6) 


Input Voltage — High (Pins 19-20) 


VlHE 


2.0 






V 


Input Voltage — Low (Pins 19-20) 


vile 






0.8 


V 


Input Current ft/ 2.7 V 


!|HE 







20 


MA 


Input Current ft/ 0.4 V (« EN (0 < EN < 5.0 V) 


IIL1 


-400 


-100 




MA 


Input Current ft/ 0.4 V ft/ EN (EN = V) 


!|L2 


-400 


-100 




MA 


Input Current ftr 0.4 V fti EN (EN = 2.0 V) 


!|L3 


-20 


-2 




VA 


Input Clamp Voltage (I|k = -18 mA) 


VlKE 


-1.5 


-1.3 




V 


CLOCK INPUT (V C C = 5.5 V) 


Input Voltage High 


V IHC 


2.0 






Vdc 


Input Voltage Low 


VlLC 






0.8 


Vdc 




Input Current ft/ 0.4 V (See Figure 7) 


hLC 


-400 


-80 




mA 




Input Current ft/ 2.7 V (See Figure 7) 


l|HC 


-100 


-20 




jtA 


Input Clamp Voltage (I|k = -18 mA) 


V|KC 


-1.5 


-1.3 




Vdc 


DIGITAL OUTPUTS 


High Output Voltage doH = - 400 mA, Vqc = 4.5 V, See Figure 8) 


VOH 


2.4 


3.0 




V 


Low Output Voltage OoL = 4.0 mA, See Figure 9) 


vol 




0.35 


0.4 


V 


Output Short Circuit Current* (V(;c = 5.5 V) 


isc 




35 




mA 


Output Leakage Current (0.4 < Vo < 2.4 V, See Figure 3, 
Vcc = 5.5 V, D0-D7 in 3-State Mode) 


Ilk 


-50 




+ 50 


MA 


Output Capacitance (D0-D7 in 3-State Mode) C out — 9.0 




pF 


•Only one output is to be shorted at a time, not to exceed 1 second. 
POWER SUPPLIES 


V CC(A) Current (4.5 V < V(;c(A) < 5 5 V) (Outputs unloaded) 


>CC(AI 


10 


17 


25 


mA 


Vcc(D) Current (4.5 V < Vcc(D) < 5.5 V) (Outputs unloaded) 


ICC(D) 


50 


90 


133 


mA 


Vee Current ( - 6.0 V < V E £ < - 3.0 V) 


•EE 


-14 


- 10 


-6.0 


mA 


Power Dissipation (Vrt - Vrb = 2.0 V) (Outputs unloaded) 


PD 




618 


995 


-4 

mW 
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TIMING CHARACTERISTICS (T A = 25°C, V C c = +5.0 V, V EE 
See System Timing Diagram.) 



5.2V, V RT = + 1.0V.V RB = -1.0V. 



Parameter 



Symbol 



Typ 



Max 



_UnH_ 



INPUTS 



Min Clock Pulse Width — High 


<CKH 




5.0 




ns 


Min Clock Pulse Width — Low 


'CKL 




15 




ns 


Max Clock Rise, Fall Time 


<R.F 




100 




ns 


Clock Frequency 


fCLK 





30 


25 


MHz 



OUTPUTS 



New Data Valid from Clock Low 


<CKDV 




19 




ns 


Aperture Delay 


tAD 




4.0 




ns 


Hold Time 


»H 




6.0 




ns 


Data High to 3-State from Enable Low* 


•ehz 




27 




ns 


Data Low to 3-State from Enable Low* 


'ELZ 




18 




ns 


Data High to 3-State from Enable High* 


<EHZ 




32 




ns 


Data Low to 3-State from Enable High* 


tELZ 




18 




ns 


Valid Data from Enable High (Pin 20 = V)* 


<EDV 




15 




ns 


Valid Data from Enable Low (Pin 19 = 5.0 V)* 


«EDV 




16 




ns 


Output Transition Time* (10%-90%) 


ttr 




8.0 




ns 



•See Figure 2 for output loading. 



PIN DESCRIPTIONS 



Symbol 


Pin 


Description 


VRM 


1 


The midpoint of the reference resistor ladder. Bypassing can be 
done at this point to improve performance at high frequencies. 


GND 


2,12 
16,22 


Power supply and signal ground. The four pins should be connected 
directly together, and through a low impedance to the power supply. 


OVR 


3 


Overrange output. Indicates Vj n is more positive than Vrj-1/2 LSB. 
This output does not have 3-state capability. 


D7-D0 


4-10, 
21 


Digital Outputs. D7 (Pin 4) is the MSB, DO (Pin 21) is the LSB. LSTTL 
compatible with 3-state capability. 


V CC(D) 


11,17 


Power supply for the digital section. +5.0 V, ± 10% required. 


VEE 


13 


Negative Power supply. Nominally -5.2 V, it can range from -3.0 
to -6.0 V, and must be more negative than Vrb by > 1.3 V. 


Vin 


14 


Signal voltage input. This voltage is compared to the reference to 
generate a digital equivalent. Input impedance is nominally 16-33 
kfl in parallel with 36 pF. 


V CC(A| 


15 


Power supply for the analog section. +5.0 V, ±10% required. 


CLK 


18 


Clock input. TTL compatible. 


EN 


19 


Enable input. TTL compatible, a Logic "1" (and Pin 20 a Logic "0") 
enables the data outputs. A Logic "0" puts the outputs in a 3-state 
mode. 


EN 


20 


Enable input. TTL compatible, a Logic "0" (and Pin 19 a Logic "1") 
enables the data outputs. A Logic "1" puts the outputs in a 3-state 
mode. 


VRB 


23 


The bottom (most negative point) of the internal reference resistor 
ladder. 


VRT 


24 


The top (most positive point) of the internal reference resistor 
ladder. 
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FIGURE 1 - SYSTEM TIMING DIAGRAM 
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FIGURE 2 _ DATA OUTPUT TEST CIRCUIT 
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FIGURE 3 - OUTPUT 3-STATE LEAKAGE CURRENT 
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FIGURE 4 — INPUT CAPACITANCE (a V| N (PIN 14) 



FIGURE 5 - INPUT CURRENT @ V IN (PIN 14) 



•00 

























\ 


































Vrt-V 


3 = 1.0 V H 




















1 




















V RT - V RB = i u v 


















0.1 Vh«— 

1 











VRB V RT 
V in , INPUT VOLTAGE (VOLTS) 















25°C 














o°c> 


















— 
















c 




































































-h 


—ff— 
















— a — 















~2.5 V RB 



Vi„, INP| JT VOLTAGE (VOLTS) 



FIGURE 6 — INPUT CURRENT @ ENABLE, ENABLE 



FIGURE 7 — CLOCK INPUT CURRENT 
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FIGURE 8 — OUTPUT VOLTAGE versus OUTPUT CURRENT 
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FIGURE 10 — SUPPLY CURRENT versus TEMPERATURE 



FIGURE 11 — SUPPLY CURRENT versus TEMPERATURE 
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FIGURE 12 — DIFFERENTIAL LINEARITY ERROR 
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FIGURE 14 — DIFFERENTIAL LINEARITY ERROR 



FIGURE 15 — INTEGRAL LINEARITY ERROR 
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INTRODUCTION 

The MC10319 is a high-speed, 8-bit, parallel ("Flash") 
type analog-to-digital converter containing 256 com- 
parators at the front end. See Figure 17 for a block dia- 
gram. The comparators are arranged such that one in- 
put of each is referenced to evenly spaced voltages, 
derived from the reference resistor ladder. The other 
input of the comparators is connected to the input signal 
(Vj n ). Some of the comparator's differential outputs will 
be "true," while other comparators will have "not true" 
outputs, depending on their relative position. Their out- 
puts are then latched, and converted to an 8-bit Grey 
code by the Differential Latch Array. The Grey code en- 
sures any input errors due to cross talk, feed-thru, or 
timing disparaties, result in glitches at the output of only 
a few LSBs, rather than the more traditional 1/2 scale 
and 1/4 scale glitches. 

The Grey code is then translated to an 8-bit binary 
code, and the differential levels are translated to TTL 
levels before being applied to the output latches. EN- 
ABLE inputs at this final stage permit the TTL outputs 
(except Overrange) to be put into a high impedance 
(3-state) condition. 

ANALOG SECTION 

SIGNAL INPUT 

The signal voltage to be digitized (Vj n ) is applied 
simultaneously to one input of each of the 256 com- 
parators through Pin 14. The other inputs of the com- 
parators are connected to 256 evenly spaced voltages 
derived from the reference ladder. The output code de- 
pends on the relative position of the input signal and 
the reference voltages. The comparators have a 
bandwidth of >50 MHz, which is more than sufficient 
for the allowable (Nyquist theory) input frequency of 
12.5 MHz. 

The current into Pin 14 varies linearly from (when 
v in = V RB> to ~ 60 mA (when Vj n = Vrj). If Vj n is taken 
below Vrb or above Vrj, the input current will remain 
at the value corresponding to Vrb and Vrj respectively 
(see Figure 5). However, Vj n must be maintained within 
the absolute range of ±2.5 volts (with respect to 
ground) — otherwise excessive currents will result at 
Pin 14, due to internal clamps. 

The input capacitance at Pin 14 is typically 36 pF if 
[Vrj - Vrb] is 2.0 volts, and increases to 55 pF if [Vrj 
- VrbI is reduced to 1.0 volt (see Figure 4). The ca- 
pacitance is constant as V| n varies from Vrj down to 
=0.1 volt above Vrr- Taking Vj n to Vrb will show an 
increase in the capacitance of =50%. If Vj n is taken 
above Vrj, or below Vrb, the capacitance will stay at 
the values corresponding to Vrj and Vrb, respectively. 

The source impedance of the signal voltage should 
be maintained below 100 it (at the frequencies of in- 
terest) in order to avoid sampling errors. 



REFERENCE 

The reference resistor ladder is composed of a string 
of equal value resistors so as to provide 256 equally 
spaced voltages for the comparators (see Figure 17 for 
the actual configuration). The voltage difference be- 
tween adjacent comparators corresponds to 1 LSB of 
the input range. The first comparator (closest to Vrb) 
is referenced 1/2 LSB above Vrb, and the 256th com- 
parator (for the overrange) is referenced 1/2 LSB below 
Vrj. The total resistance of the ladder is nominally 130 
(I, ±20%, requiring 15.4 mA @ 2.0 volts, and 7.7 mA (a> 
1.0 volt. There is a nominal warm-up change of ~ + 9.0% 
in the ladder resistance due to the +0.29%/°C temper- 
ature coefficient. 

The minimum recommended span [Vrj - Vrb! is 
1.0 volt. A lower span will allow offsets and nonlinear- 
ities to become significant. The maximum recom- 
mended span is 2.1 volts due to power limitations of 
the resistor ladder. The span may be anywhere within 
the range of -2.1 to +2.1 volts with respect to ground, 
and Vrb must be at least 1.3 volts more positive than 
Vf£f£. The reference voltages must be stable and free of 
noise and spikes, since the accuracy of a conversion is 
directly related to the quality of the reference. 

In most applications, the reference voltages will re- 
main fixed. In applications involving a varying reference 
for modulation or signal scrambling, the modulating 
signal may be applied to Vrj, or Vrb, or both. The out- 
put will vary inversly with the reference signal, intro- 
ducing a nonlinearity into the transfer function. The ad- 
dition of the modulating signal and the dc level applied 
to the reference must be such that the absolute voltage 
at Vrj and Vrb are maintained within the values listed 
in the Recommended Operating Limits. The RMS value 
of the span must be maintained s2.1 volts. 

VRM C 5 '" D ' s tne midpoint of the resistor ladder, 
excluding the Overrange comparator. The voltage at 
Vrm is: 



In most applications, bypassing this pin to ground (0.1 
fiF) is sufficient to maintain accuracy. In applications 
involving very high frequencies, and where linearity is 
critical, it may be necessary to trim the voltage at the 
midpoint. A means for accomplishing this is indicated 
in Figure 18. 

POWER SUPPLIES 

V CC(A) ( pin 15 ' is ,ne positive power supply for the 
comparators, and VcC(D) ' pins 11 * 17 ' is tne positive 
power supply for the digital portion. Both are to be +5.0 
volts, ±10%, and the two are to be within 100 millivolts 
of each other. There is indirect internal coupling be- 
tween V(x(D) ar| d Vcc(A)- " they are P owereQ ' sepa- 
rately, and one supply fails, there will be current flow 
through the MC10319 to the failed supply. 
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'CC(A) ^ s nominally 17 mA, and does not vary with 
clock frequency or with Vj n . It does vary linearly with 
^CC(A)- 'CC(D) ' s nominally 90 mA, and is independent 
of clock frequency. It does vary, however, by 6-7 mA 
as Vj n is changed, with the lowest current occuring 
when Vj n = Vrt. It varies linearly with Vcc(D)- 

Vfff; is the negative power supply for the comparators, 
and is to be within the range -3.0 to -6.0 volts. Ad- 
ditionally, Vee must be at least 1.3 volts more negative 
than Vrb- Iee is a nominal - 10 mA, and is independent 
of clock frequency, Vj n , and Vee- 

For proper operation, the supplies must be bypassed 
at the IC. A 10 tantalum, in parallel with a 0.1 /iF 
ceramic is recommended for each supply to ground. 

DIGITAL SECTION 

CLOCK 

The Clock input (Pin 18) is TTL compatible with a typ- 
ical frequency range of to 30 MHz. There is no duty 
cycle limitation, but the minimum low and high times 
must be adhered to. See Figure 7 for the input current 
requirements. 

The conversion sequence is shown in Figure 19, and 
is as follows: 

• On the rising edge, the data output latches are latched 
with old data, and the comparator output latches are 
released to follow the input signal (Vj n ). 

• During the high time, the comparators track the input 
signal. The data output latches retain the old data. 

• On the falling edge, the comparator outputs are 
latched with the data immediately prior to this edge. 
The conversion to digital occurs within the device, 
and the data output latches are released to indicate 
the new data within 20 ns. 

• During the clock low time, the comparator outputs 
remain latched, and the data output latches remain 
transparent. 

A summary of the sequence is that data present at 
Vj n just prior to the Clock falling edge is digitized and 
available at the data outputs immediately after that 
same falling edge. 



The comparator output latches provide the circuit 
with an effective sample-and-hold function, eliminating 
the need for an external sample-and-hold. 

ENABLE INPUTS 

The two Enable inputs (Pins 19, 20) are TTL compat- 
ible, and are used to change the data outputs (D7-D0) 
from active to 3-state. This capability allows cascading 
two MC10319s into a 9-bit configuration, flip-flopping 
two MC10319s into a 50 MHz configuration, connecting 
the outputs directly to a data bus, multiplexing multiple 
converters, etc. See the Applications Information sec- 
tion for more details. For the outputs to be active. Pin 
19 must be a Logic "1," and Pin 20 must be a Logic "0." 
Changing either input will put the outputs into the high 
impedance mode. The Enable inputs affect only the 
state of the outputs — they do not inhibit a conversion. 
The input current into Pins 19 and 20 is shown in Figure 
6, and the input — output timing is shown in Figure 1 
and 20. Leaving either pin open is equivalent to a Logic 
"1," although good design practice dictates that an in- 
put should never be left open. 

The Overrange output (Pin 3) is not affected by the 
Enable inputs as it does not have 3-state capability. 

OUTPUTS 

The data outputs (Pins 4-10, 21) are TTL level outputs 
with high impedance capability. Pin 4 is the MSB (D7), 
and Pin 21 is the LSB (DO). The eight outputs are active 
as long as the Enable inputs are true (Pin 19 = high, 
Pin 20 = low). The timing of the outputs relative to the 
Clock input and the Enable inputs is shown in Figures 
1 and 20. Figures 8 and 9 indicate the output voltage 
versus load current, while Figure 3 indicates the leakage 
current when in the high impedance mode. 

The output code is natural binary, depicted in the table 
below. 

The Overrange output (Pin 3) goes high when the in- 
put, Vj n , is more positive than Vrt - 1/2 LSB. This 
output is always active — it does not have high imped- 
ance capability. Besides being used to indicate an input 
overrange, it is additionally used for cascading two 
MC10319s to form a 9-bit A/D converter (see Figure 27). 



Input 


V RT , Vrb (volts) 


Output 
Code 


Overrange 


2.048 V, V 


+ 1.0 V, -1.0 V 


+ 1.0 V, V 


>V RT - 1/2 LSB 
V RT - 1/2 LSB 
Vrt - 1 LSB 
Vrt - 1-1/2 LSB 
Midpoint 
V RB + 1/2 LSB 
<Vrb 


>2.044 V 
2.044 V 
2.040 V 
2.036 V 
1.024 V 
4.0 mV 
<0 V 


>0.9961 V 
0.9961 V 
0.992 V 
0.988 V 
0.000 V 

-0.9961 V 
<-1.0V 


>0.9980 V 
0.9980 V 
0.9961 V 
0.9941 V 
0.5000 V 
1 .95 mV 
<0 V 


ff h 
ff h 
ff h 
fe h <- ff h 

80 H 
00 H «01 H 
00 H 


1 

« 1 
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APPLICATIONS INFORMATION 



POWER SUPPLIES, GROUNDING 

The PC board layout, and the quality of the power 
supplies and the ground system at the IC are very im- 
portant in order to obtain proper operation. Noise, from 
any source, coming into the device on Vcc. Vrf£, or 
ground can cause an incorrect output code due to in- 
teraction with the analog portion of the circuit. At the 
same time, noise generated within the MC10319 can 
cause incorrect operation if that noise does not have a 
clear path to ac ground. 

Both the Vcc and V EE power supplies must be 
decoupled to ground at the IC (within 1" max) with a 10 
IxF tantalum and a 0.1 iuF ceramic. Tantalum capacitors 
are recommended since electrolytic capacitors simply 
have too much inductance at the frequencies of interest. 
The quality of the Vcc and V EE supplies should then 
be checked at the IC with a high frequency scope. Noise 
spikes (always present when digital circuits are present) 
can easily exceed 400 mV peak, and if they get into the 
analog portion of the IC, the operation can be disrupted. 
Noise can be reduced by inserting resistors and/or in- 
ductors between the supplies and the IC. 

If switching power supplies are used, there will usu- 
ally be spikes of 0.5 volts or greater at frequencies of 
50-200 kHz. These spikes are generally more difficult to 
reduce because of their greater energy content. In ex- 
treme cases, 3-terminal regulators (MC78L05ACP, 
MC7905.2CT), with appropriate high frequency filtering, 
should be used and dedicated to the MC10319. 

The ripple content of the supplies should not allow 
their magnitude to exceed the values in the Recom- 
mended Operating Limits. 

The PC board tracks supplying Vcc and ^EE ,0 tne 
MC10319 should preferably not be at the tail end of the 
bus distribution, after passing through a maze of digital 
circuitry. The MC10319 should be close to the power 
supply, or the connector where the supply voltages en- 
ter the board. If the Vcc and V EE lines are supplying 
considerable current to other parts of the boards, then 
it is preferable to have dedicated lines from the supply 
or connector directly to the MC10319. 

The four ground pins (2, 12, 16, 22) must be connected 
directly together. Any long path beween them can cause 
stability problems due to the inductance (fa 25 MHz) of 
the PC tracks. The ground return for the signal source 
must be noise free. 

REFERENCE VOLTAGE CIRCUITS 

Since the accuracy of the conversion is directly related 
to the quality of the references, it is imperative that ac- 
curate and stable voltages be provided to Vrj and Vrb. 
If the reference span is 2 volts, then 1/2 LSB is only 3.9 
millivolts, and it is desireable that Vrj and Vrb be ac- 
curate to within this amount, and furthermore, that they 
do not drift more than this amount once set. Over the 
temperature range of to 70°C, a maximum tempera- 



ture coefficient of 28 ppm/°C is required. 

The voltage supplies used for digital circuits should 
preferably not be used as a source for generating Vrj 
and Vrb, due to the noise spikes (50-400 mV) present 
on the supplies and on their ground lines. Generally 
± 15 volts, or ± 12 volts, are available for analog circuits, 
and are usually clean compared to supplies used for 
digital circuits, although ripple may be present in vary- 
ing amounts. Ripple is easier to filter out than spikes, 
however, and so these supplies are preferred. 

Figure 21 depicts a circuit which can provide an ex- 
tremely stable voltage to Vrj at the current required 
(the maximum reference current is 19.2 mA (a'2.0 volts). 
The MC1400 and MC1403 series of reference sources 
have very low temperature coefficients, good noise re- 
jection, and a high initial accuracy, allowing the circuit 
to be built without an adjustment pot if the Vrj voltage 
is to remain fixed at one value. Using 0.1% wirewound 
resistors for the divider provides sufficient accuracy and 
stability in many cases. Alternately, resistor networks 
provide high ratio accuracies, and close temperature 
tracking. If the application requires Vrj to be changed 
periodically, the two resistors can be replaced with a 20 
turn, cermet potentiometer. Wirewound potentiometers 
should not be used for this type of application since the 
pot's slider jumps from winding to winding, and an ex- 
act setting can be difficult to obtain. Cermet pots allow 
for a smooth continuous adjustment. 

In Figure 21, R1 reduces the power dissipation in the 
transistor, and can be carbon composition. The 0.1 /iF 
capacitor in the feedback path provides stability in the 
unity gain configuration. Recommended op amps are: 
LM358, MC34001 series, LM308A, LM324, and LM11C. 
Offset drift is the key parameter to consider in choosing 
an op amp, and the LM308A has the lowest drift of those 
mentioned. Bypass capacitors are not shown in Figure 
21, but should always be provided at the input to the 
2.5 volt reference, and at the power supply pins of the 
op amp. 

Figure 22 shows a simpler and more economical cir- 
cuit, using the LM317LZ regulator, but with lower initial 
accuracy and temperature stability. The op amp/current 
booster is not needed since the LM31 7LZ can supply the 
current directly. In a well controlled environment, this 
circuit will suffice for many applications. Because of the 
lower initial accuracy, an adjustment pot is a necessity. 

Figure 23 shows two circuits for providing the voltage 
to Vrb. The circuits are similar to those of Figures 21 
and 22, and have similar accuracy and stability. Al- 
though the MC1400G2 is meant to provide a positive 
voltage, it can be configured to provide a negative reg- 
ulated voltage by grounding the input and output, and 
deriving the regulated voltage at the ground pin (Pin 4). 
The MC1403 series of regulators cannot be used in this 
manner. The output transistor is a PNP in this case since 
the circuit must sink the reference current. 
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VIDEO APPLICATIONS 

The MC10319 is suitable for digitizing video signals 
directly without signal conditioning, although the stan- 
dard 1 volt p-p video signal can be amplified to a 2.0 
volt p-p signal for slightly better accuracy. Figure 24 
shows the input (top trace) and reconstructed output of 
a standard NTSC test signal, sampled at 25 MSPS, con- 
sisting of a sync pulse, 3.58 MHz color burst, a 3.58 MHz 
signal in a Sin 2 x envelope, a pulse, a white level signal, 
and a black level signal. Figure 25 shows a Sin 2 x pulse 
that has been digitized and reconstructed at 25 MSPS. 
The width of the pulse is =450 ns at the base. Figure 26 
shows an application circuit for digitizing video. 

9-BIT A/D CONVERTER 

Figure 27 shows how two MC10319S can be con- 
nected to form a 9-bit converter. In this configuration, 
the outputs (D7-D0) of the two 8-bit converters are [ 
alleled. The outputs of one device are active, while t 
outputs of other are in the 3-state mode. Tf 
is made by the OVERRANGE output of the low 
MC10319, which controls Enable inputs on the two de- 
vices. Additionally, this output provides the 9th bit. 

The reference ladders are connected in series, pro- 
viding the 512 steps required for 9 bits. The input volt- 
age range is determined by Vrj of the upper MC10319, 
and Vrb °f 'he lower device. A minimum of 1 .0 volt is 
required across each converter. The 500 fi pot (20 turn 
cermet) allows for adjustment of the midpoint since the 
reference resistors of the two MC10319s may not be 
identical in value. Without the adjustment, a non-equal 
voltage division would occur, resulting in a nonlinear 



conversion. If the references are to be symmetrical 
about ground (e.g., ±1.0 volt), the adjustment can be 
eliminated, and the midpoint connected to ground. 

The use of latches on the outputs is optional, de- 
pending on the application. 

50 MHz, 8-BIT A/D CONVERTER 

Figure 28 shows how two MC10319s can be con- 
nected together in a flip-flop arrangement in order to 
have an effective conversion speed of 50 MHz. The 
74F74 D-type flip-flop provides a 25 MHz clock to each 
converter, and at the same time, controls the ENABLES 
so as to alternately enable and disable the outputs. The 
Overranges do not have 3-state capability, and so can- 
not be paralleled. Instead they are OR'd together. The 
use of latches is optional, and depends on the appli- 
cation. Data should be latched, or written to RAM (in 
a DMA operation), on the high-to-low transition of the 
50 MHz clock. 



NEGATIVE VOLTAGE REGULATOR 

In the cases where a negative power supply is not 
available — neither the - 3.0 to - 6.0 volts, nor a higher 
negative voltage from which to derive it — the circuit 
of Figure 29 can be used to generate -5.0 volts from 
the +5.0 volts supply. The PC board space required is 
small (=2.0 in 2 ), and it can be located physically close 
to the MC10319. The MC34063 is a switching regulator, 
and in Figure 29 is configured in an inverting mode of 
operation. The regulator operating specifications are 
given in the Figure. 



AND GAIN TEST 




1.024 




Video Input Signal 

- Input waveform: 571.4 mV p . p sine wave § 3.579645 MHz, dc 
levels as shown above. 

- MC10319 clock at 14.31818 MHz I4x) asynchronous to ii 
in: p-p output (ii each IRE level comparei 



— Differential gain: | 
that at IRE. 

— Differential phase: Phase (it each IRE level compared to that 

la IRE. 
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FIGURE 18 — ADJUSTING V RM FOB IMPROVED LINEARITY 

+ 5.0 V o- 



FIGURE 21 — PRECISION V RT VOLTAGE SOURCE 
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FIGURE 19 - CONVERSION SEQUENCE 
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" Comparator Outputs Latched 
(Valid data available after tcKDVl 
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Opens Data Output Latches 

-Data Outputs Latched, Releases 
Comparator Latches 




FIGURE 20 — ENABLE TO OUTPUT CRITICAL TIMING 
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R1 
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MC1403U 
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Line Regulation 
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0.5 mV 
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25 


40 


25 


AV out for 0-70'C 


4.4 mV 


7.0 mV 


4.4 mV 


Initial Accuracy 


±0.2% 


±1% 


±1% 



FIGURE 22 — V RT . VOLTAGE SOURCE 
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■ to Vrt 



EN 
D0-D7 



4 



0.9 V 0.9 \l\ 
2 



16} 



, Valid Data 



Timing (« D7-D0 measured where waveform starts to change. 
Indicated time values are typical (a 25°C, and are in ns. 
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FIGURE 23 — V RB VOLTAGE SOURCES 
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FIGURE 24 — COMPOSITE VIDEO WAVEFORM 



INPUT - 



OUTPUT- 




FIGURE 25 — SIN 2 X WAVEFORM 
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FIGURE 26 - APPLICATION CIRCUIT FOR DIGITIZING VIDEO 
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NOTES: 1) MC34080's powered from ±15 V 

supplies. MC34083 (Dual) may be used. 

2) Bypass capacitors required at 
power supply pins of ALL IC's. 

3) Ground plane required over all 
parts of circuit board. 

4) Care in layout around MC34080's 
necessary for good frequency 
response. 

5) A1 = MC34002. 
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FIGURE 27 — 9-BIT A/D CONVERTER 
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FIGURE 28 — 50 MHz 8-BIT A/D CONVERTER 
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FIGURE 29 - -5.0 VOLT REGULATOR 
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Line Regulation 


4.5 V < V in < 5.5 V, 
lout = 10 mA 
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Load Regulation 


V in = 5.0 V, 8.0 mA < 
'out < 20 mA 


0.4% 
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GLOSSARY 



APERTURE DELAY — The time difference between the 
sampling signal (typically a clock edge) and the actual 
analog signal converted. The actual signal converted 
may occur before or after the sampling signal, depend- 
ing on the internal configuration of the converter. 

BIPOLAR INPUT — A mode of operation whereby the 
analog input (of an A-D), or output (of a DAC), includes 
both negative and positive values. Examples are - 1.0 
to + 1 .0 V, - 5.0 to + 5.0 V, - 2.0 to + 8.0 V, etc. 

BIPOLAR OFFSET ERROR — The difference between the 
actual and ideal locations of the 00h to 01 h transition, 
where the ideal location is 1/2 LSB above the most neg- 
ative reference voltage. 

BIPOLAR ZERO ERROR — The error (usually expressed 
in LSBs) of the input voltage location (of an A-D) of the 
80H to 81 h transition. The ideal location is 1/2 LSB above 
zero volts in the case of an A-D setup for a symmetrical 
bipolar input (e.g., - 1.0 to + 1.0 V). 

DIFFERENTIAL NONLINEARITY — The maximum de- 
viation in the actual step size (one transition level to 
another) from the ideal step size. The ideal step size is 
defined as the Full Scale Range divided by 2 n (n = num- 
ber of bits). This error must be within ± 1 LSB for proper 
operation. 

ECL — Emitter coupled logic. 

FULL SCALE RANGE (ACTUAL) — The difference be- 
tween the actual minimum and maximum end points 
of the analog input (of an A-D). 

FULL SCALE RANGE (IDEAL) — The difference between 
the actual minimum and maximum end points of the 
analog input (of an A-D), plus one LSB. 

GAIN ERROR — The difference between the actual and 
expected gain (end point to end point), with respect to 
the reference, of a data converter. The gain error is usu- 
ally expressed in LSBs. 

GREY CODE — Also known as reflected binary code, it 
is a digital code such that each code differs from adja- 
cent codes by only one bit. Since more than one bit is 
never changed at each transition, race condition errors 
are eliminated. 

INTEGRAL NONLINEARITY — The maximum error of 
an A-D, or DAC, transfer function from the ideal straight 
line connecting the analog end points. This parameter 
is sensitive to dynamics, and test conditions must be 
specified in order to be meaningfull. This parameter is 
the best overall indicator of the device's performance. 

LSB — Least Significant Bit. It is the lowest order bit of 
a binary code. 

LINE REGULATION — The ability of a voltage regulator 
to maintain a certain output voltage as the input to the 
regulator is varied. The error is typically expressed as 
a percent o 



LOAD REGULATION — The ability of a voltage regulator 
to maintain a certain output voltage as the load current 
is varied. The error is typically expressed as a percent 
of the nominal output voltage. 

MONOTONICITY — The characteristic of the transfer 
function whereby increasing the input code (of a DAC), 
or the input signal (of an A-D), results in the output never 
decreasing. 

MSB — Most Significant Bit. It is the highest order bit 
of a binary code. 

NATURAL BINARY CODE — A binary code defined by: 
N = A n 2 n + . . . + A 3 23 + A22 2 + A-|2l + A 2 n 

where each "A" coefficient has a value of 1 or 0. Typ- 
ically, all zeroes correspond to a zero input voltage of 
an A-D, and all ones correspond to the most positive 
input voltage. 

NYQUIST THEORY — See Sampling Theorem. 

OFFSET BINARY CODE — Applicable only to bipolar in- 
put (or output) data converters, it is the same as Natural 
Binary, except that all zeroes correspond to the most 
negative input voltage (of an A-D), while all ones cor- 
respond to the most positive input. 

POWER SUPPLY SENSITIVITY — The change in a data 
converter's performance with changes in the power 
supply voltage(s). This parameter is usually expressed 
in percent of full scale versus AV. 

QUANTIZATION ERROR — Also known as digitization 
error or uncertainty. It is the inherent error involved in 
digitizing an analog signal due to the finite number of 
steps at the digital output versus the infinite number of 
values at the analog input. This error is a minimum of 
±1/2 LSB. 

RESOLUTION — The smallest change which can be dis- 
cerned by an A-D converter, or produced by a DAC. It 
is usually expressed as the number of bits, n, where the 
converter has 2 n possible states. 

SAMPLING THEOREM — Also known as the Nyquist 
Theorem. It states that the sampling frequency of an 
A-D must be no less than 2x the highest frequency (of 
interest) of the analog signal to be digitized in order to 
preserve the information of that analog signal. 

UNIPOLAR INPUT — A mode of operation whereby the 
analog input range (of an A-D), or output range (of a 
DAC), includes values of a signal polarity. Examples are 
to + 2.0 V, to - 5.0 V, + 2.0 to + 8.0 V, etc. 

UNIPOLAR OFFSET ERROR — The difference between 
the actual and ideal locations of the 00h to 01 h tran- 
sition, where the ideal location is 1/2 LSB above the 
most negative input voltage. 
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OUTLINE DIMENSIONS 
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NOTES 

1. DIM "L" TO CENTER OF 
LEADS WHEN FORMED 
PARALLEL 

I LEADS WITHIN 0-13 mm 
I0.005I RADIUS OF TRUE 
POSITION AT SEATING PLANE 
AT MAXIMUM MATERIAL 
CONDITION. IWHEN FORMED 
PARALLEL) 



DIM 


MILLIMETERS 


INCHES 


MIN 


MAX 


MIN 


MAX 


A 


31.24 


32.77 


1 230 


s 


B 


12.70 


1549 


0.500 


0.610 


C 


4.06 


5.59 


0.160 


0.220 





0.41 


0.51 


0.016 


0.020 


F 


1.2? 


1.52 


0.050 


0.060 


G 


2.54 BSC 


0.10C 


BSC 


J 


20 


0.30 


0.008 


0.012 


K 


3.18 


4.06 


0.125 


0160 


L 


15.24 


BSC 


0.60C 


BSC 


M 


0° 


15" 


o- 


15' 


■ 


0.51 


1.27 


0.020 


0.050 
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Product Preview 



TRIPLE 4-BIT COLOR PALETTE VIDEO DAC 

The MC10320 integrates a triple 4-bit video digital-to-analog converter 
and a 16 x 12 color look-up table into a single 28-pin IC for use in high- 
resolution color graphics display systems. It generates RS-343A compat- 
ible red, green and blue video signals capable of driving singly- or doubly- 
terminated 50 ohm or 75 ohm cable directly. Complementary outputs are 
provided for custom monitor i nterfac ing. 

Control signals (BLANK and SYNC) produce the output levels required 
by the monitor for vertical and horizontal retrace. 

The color look-up table allows up to 16 color combinations (out of a 
palette of 4096) on the screen at any one time. The table can be updated 
as often as desired during vertical retrace. 

The lower speed digital inputs (Write, Data and SYNC) are TTL com- 
patible, whereas the high-speed signals (Address, PIXEL CLOCK and 
BLANK) can be user programmed to either ECL or TTL compatibility. The 
address and blank signals are latched into input registers, providing great 
input timing flexibility. Additional registers frame the data as it is pre- 
sented to the three DACs, ensuring low glitch area and matched 
responses. 

Innovative level translators allow for both single- and dual-supply 
operation for tremendous flexibility to meet the demands of any system 
design. 

The MC10320 is fabricated with Motorola's MOSAIC process to obtain 
high speed and low power dissipation. 

• Triple 4-Bit Video DAC with 16 x 12 Color Look-Up Table 

• .Monolithic Construction 

• 125 MHz Pixel Rate (MC10320L) or 90 MHz Pixel Rate (MC10320L1) 

• User Selectable TTL or ECL Compatibility on High-Speed Inputs 

• Single- or Dual-Supply Operation 

• RS-343A Compatible Outputs 

• Low Glitch Area — 20 pV-S Typical 

• Low Power Dissipation — 750 mW Typical 

• Internal Bandgap Reference 

• Excellent Supply Rejection 

• Differential Current Outputs 

• Sync and Blank Video Control Signals 
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TRIPLE 4-BIT 
COLOR PALETTE 
VIDEO DAC 

SILICON MONOLITHIC 
INTEGRATED CIRCUIT 
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ABSOLUTE MAXIMUM RATINGS 



Parameter 


Value 


Units 


Supply Voltages 
V CC1 (measured to V EE -|) 
^CC2 (measured to V EE 2) 
V EE2 (measured to V EE -|) 


-0.5 to +7.0 
-0.5 to +7.0 
-7.0 to +0.5 


Vdc 


Input Voltages 
(Address. Data, WR, WG, WB, SYNC, BLANK, PCLKI 
Threshold Control (measured to V EE i) 
R S ET Pin (measured to V EE 2) 


-0.5 to Vcci +0.5 
-0.5 to Vcci +0.5 
- 0.5 to Vcc2 


Vdc 


Output Voltages (VR, VR, VG, VG, VB, VB, measured to V EE2 ) 


+ 2.5 to +8.0 


Vdc 


Junction Temperature 


-55 to +150 


°c 



Devices should not be operated at these values. The "Recommended Operating Limits" provide for actual device operation. 



RECOMMENDED OPERATING LIMITS 





Min 


Typ 


Max 


Units 


Single Supply — Vcci 




4.5 


5.0 


5.5 


Vdc 


V EE 1 













VCC2 




4.5 


5.0 


5.5 




VEE2 









— 




Dual Supply — Vcci 




4.5 


5.0 


5.5 


Vdc 


VEE1 













VCC2 









— 




V EE 2 




-4.5 


-5.0 


-5.5 




RSET 




500 


1.0K 


2.0K 


n 


Rl 







37 5 


75 




Input Voltages — TTL High 




VEE1 + 20 




Vcci 


Vdc 


TTL Low 




V EE 1 


— 


V EE1 + 0.8 




ECL High 




V C C1 " 113 




Vcci 




ECL Low 




V EE 1 




Vcci " 1-48 




Output Compliance (measured to Vcc2l 


-2.0 





+ 2.0 


Vdc 


Ambient Temperature 







+ 70 


°C 


ELECTRICAL CHARACTERISTICS (R SE T = 1 k«. Rl = 


37.5 n, T A = +25°C) 








Parameter 


Symbol 


Min 


Typ 


Max 


Units 


Resolution (Each DAC) 


Res 


4.0 


4.0 


4.0 


Bits 


Palette Colors (Active) 








16 


Colors 


(Possible Range} 








4096 




Voltage Output (Each DAC, VR, VG, VB, relative to Vcc2> 










mV 


Ref White (DAC Input = 1111) 


Vrw 


-15 


-2.0 







Ref Black (DAC Input = 0000) 


vrb 


-672 


-640 


-608 




Blank (BLANK = 0) 


Vb 


-724 


-690 


-655 




Sync (SYNC = 0, BLANK = 0, Green Only) 


V S Y 


-1029 


-980 


-931 




Output Impedance 


Zo 




100 




k.Q 


Gain Error (Each DAC, Ref White to Ref Black) 


GER 


-5.0 





+ 5.0 


% 


Gain Tracking Error (Any Two DACs (5< Ref Black) 


Gtr 


-3.0 





+ 3.0 


% 


Integral Nonlinearity 


INL 


-1/4 





+ 1/4 


LSB 


Differential Nonlinearity 


DNL 


-1/4 





+ 1/4 


LSB 


Monotonicity 




Guaranteed 


Offset «a Ref White) 


'OS 




50 




MA 


Input Voltage High (Data, WR, WG, WB, SYNC) 


VlHA 


VEE1 + 2.0 






Vdc 


Input Voltage Low (Data, WR, WG, WB, SYNC) 


Vila 






V EE1 + 0.8 


Vdc 


Input Voltage High (Address, PCLK, BLANK) 










Vdc 


(Threshold Cont. @ V EE1 [TTL Mode]) 


V|HB 


VEE1 + 2.0 








(Threshold Cont. <§ V CC 1 iECL Model) 


V|HC 


VCCI 









(continued) 
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ELECTRICAL CHARACTERISTICS — continued 



Parameter 


Symbol 


Min 


Typ 


Max 


Units 


Input Voltage Low (Address, PCLK, BLANK) 










Vdc 


(Threshold Cont. <& Veei (TTL Mode]) 


VlLB 










(Threshold Cont. (a Vcci IECL Mode]) 


VlLC 










Input Current (a 2.4 V (TTL Mode) (All Digital Inputs 


■|HA 




50 




MA 


(a 0.4 V (TTL Mode) except rin 11) 


l|LA 




1 






" *CC1 o.o * tct^L iviuae/ 


'IHB 




100 






(a Vcci -1-8 V (ECL Mode) 


l|LB 





60 


_ . 






Power Supply Rejection Ratio (All DACs (a Ref Black) 


PSRR 








dB 


Vcci <§ 1 -0 kHz 






60 






VCCI ' ' ' U IVInZ 






45 


z 




Vcci S 50 MHz 







30 






Vee (« 1.0 kHz 




— 


50 


— 




V EE (a 1.0 MHz 







33 







V EE (« 50 MHz 




— 


12 


— 




Signal Feedthrough due to 


SRR 








dB 


Pixel Clock (S 125 MHz 







-50 







BLANK (a 125 MHz 






-50 






Data (a 125 MHz 






-60 






Power Supply Requirements 










mA 


V CC1 Current 


!CC1 




50 






V EE 1 Current 


'EE1 




50 






VCC2 Current 


'CC2 




28 






V E E2 Current (Includes Output Current) 


l£E2 




-95 






Power Dissipation 


PW 




750 




mW 


TIMING CHARACTERISTICS (T A = +25X) 


Parameter 


Symbol 


Min 


Typ 


Max 


Units 


Max Pixel Clock Rate 


fCLK 








MHz 


MC10320L 




125 








MC10320L1 




90 








READ Cycle (Display Mode) 










ns 


Address, BLANK, Setup Time 


<RSA 




1.5 






Address, BLANK, Hold Time 


tRHA 




1.5 






Min Clock Pulse Width — High 


tPWH 




3.0 






Min Clock Pulse Width — Low 


tPWL 




3.0 






Pipeline Delay 


'PIPE 


1.0 


1.0 


1.0 


Clock 












Cycle 


DAC Prop Delay (to 50% Point) 


IDPD 




9.0 




ns 


DAC Prop Delay Difference (DAC to DAC) 


«DPDA 




0.5 






SYNC Prop Delay 


'SPD 




6.0 






Output Settling Time (±1/2 LSB to ±1/2 LSB) 


IDS 




3.0 






Output Slew Rate 


SR 




300 




V/^as 


Glitch Area 


AG 




20 




pV-S 


WRITE Cycle (RAM Update Mode) 










ns 


Address Setup Time 


tWSA 




1.5 






Clock Setup Time 


'WSC 




5.0 






Data Setup Time 


tWSD 




60 






Write Pulse Width 


tyvPW 




60 






Address Hold Time 


«WHA 




1.5 






Clock Hold Time 


<WHC 




10 






Data Hold Time 


«WHD 




10 







TEMPERATURE CHARACTERISTICS (0°C < T A < +70°C) 



Parameter 


Typical Change 


Units 


Offset (at Ref White) 
DAC Gain 

Gain Tracking (any 2 DACs @ Ref Black) 
Linearity 


±20 
±100 
±50 
±100 


ppm GS/°C 



Note: ppm GS/X = Parts Per Million of Gray Scale/X 
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PIN DESCRIPTIONS 



Symbol 


Pin 


Description 


WR 


1 


Write Enable (Red) — Taking this pin low enables the data (Pins 25-28) to be written into the selected 
address location for the RED look-up table. The data is latched when the pin is high. 


WG 


2 


Write Enable (Green) — Same as Pin 1, except for the GREEN table. 


WB 


3 


write Enable (Blue) — bame as nn I, except tor the BLUt table. 


VEE1 


4 


This is the common for all circuitry prior to the supply option translators (See Block Diagram). This is 
the reference for Vcc"). Internally connected to Pin 22, both pins must be connected externally for 
proper operation. 


A0-A3 


5-8 


Address lines — They are used to select one of sixteen 12-bit words in the color look-up table for 
both reading and writing. 


PCLK 


9 


Pixel clock — Address and BLANK signals are latched on the rising edge of this clock. The following 
rising edge presents the data in the look-up table (of the selected address} to the DACs. 


BLANK 


10 


Blanking — A logic low overrides the color look-up table, and forces the three DACs to the blanking 
level. The BLANK input is latched, with the same pipeline delay as the address lines. 


Th Cntl 


11 


Threshold Control — When tied to Vqcl the PCLK, A0-A3, and BLANK inputs are at ECL levels with 
respect to Vrri- When tied to Vcpi (Pin 4 or 22), the same inputs are at TTL levels with respect to 

veei- 


VEE2 


12 


This is the common for the circuitry to the right of the supply option translators (See Block Diagram). 
This is the reference for VqC2- anc ' ' s typically 5.0 volts below it. It is internally conneced to Pin 20, 
Both pins must be connected externally for proper operation. 


VB 


13 


The output of the BLUE 4-bit DAC. Output compliance is ±2.0 volts with respect to VQC2- anc ' output 
impedance is typically 100 kfi. Designed for a typical load of 37.5 fi, the load may be between and 
75 fi. The output is a current sink. Waveform polarity is "Sync down." 


VB 


14 


The complementary output of the BLUE DAC. This output may be used in conjunction with Pin 13 for 
twisted pair signal transmission or for custom interface schemes. If unused, it must be tied to VQC2- 


VG 


15 


Same as Pin 13, except for the GREEN DAC. 


VG 


16 


Same as Pin 14, except for the GREEN DAC. 


VR 


17 


Same as Pin 13, except for the RED DAC. 


VR 


18 


Same as Pin 14, except for the RED DAC. 


VCC2 


19 


Power supply pin for the circuitry to the right of the supply option translators (See Block Diagram). Its 
reference is Vei=2< and nominally 5.0 volts more positive than Vee2- 


VEE2 


20 


This is the common for the circuitry to the right of the supply option translators (See Block Diagram). 
This is the reference for VcC2< ar) d ' s typically 5.0 volts below it. It is internally connected to Pin 12. 
Both pins must be connected externally for proper operation. 


RSET 


21 


Current setting resistor — A user supplied low inductance resistor is to be connected between VcC2 
and this pin to set the DACs full scale current. An RsET °f 10 kn< combined with load resistors of 
37.5 (at Pins 13, 15, 17) provides output signals consistent with RS-343A. The RsET resistor is to be 
between 500 fi and 2.0 kfi. 


veei 


22 


This is the common for all circuitry prior to the supply option translators (See Block Diagram). This is 
the reference for Vrjci- Internally connected to Pin 4, both pins must be connected externally for 
proper operation. 


SYNC 


23 


A logic low on this input forces the GREEN DAC to increase its output current by 7.6 mA (RsET = 10 
kfi), providing the sync level of 286 mV (R^ = 37.5 fi) below blanking. The BLANK input must have 
been asserted previously. 


V CC1 


24 


Power supply pin for the circuitry to the left of the supply option translators (See Block Diagram). 


D0-D3 


25-28 


Data inputs — Data on these pins is written into the color look-up table, at the locations specified by 
the address lines, by taking the appropriate WRITE pin low. 
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Level |Vr w | 
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FIGURE 2 - COMPOSITE VIDEO OUTPUT 
(NOT TO SCALE) 
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OUTLINE DIMENSIONS 



NOTES: 

1. DIM £ IS DATUM 

2. POSITIONAL TOl FOR LEADS 
,»<t0?5 10.010)8 T ! A9" 

3. 00 IS SEATING PLANE. 

4. DIM A AND B INCLUDES MENISCUS. 

5 DIM -L- TO CENTER OF LEADS WHEN FORMED 
PARALLEL. 

6. DIMENSIONING AND T0LERANCING PER ANSI 
YI4.5. 1973. 
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DIM 


MILUN 


ETERS 


INC 


HES 


MIN 


MAX 


MIN 


MAX 


A 


36.46 


37.85 


1.435 


1.490 


B 


12.70 


15.37 


0.500 


0.605 


C 


4.06 


5.84 


0.160 


0.230 


D 


0.38 


0.56 


0.015 


0.022 


F 


1.77 


IBS 


0.050 


0.065 


G 


2.54 


BSC 


0.100 BSC 


J 


0.20 


0.30 


0.008 


0.012 


K 


3.18 


4.06 


0.126 


0.160 


L 


15.24 


BSC 


0.60( 


BSC 


M 


5- 


15- 


5' 


is- 


N 


0.51 


1.27 


0.020 


0.050 
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FIGURE 1 — TIMING DIAGRAM 
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3 Va DIGIT A/D CONVERTER 

The MC14433 is a high performance, low power, 3% digit A/D converter com- 
bining both linear CMOS and digital CMOS circuits on a single monolithic IC. The 
MC14433 is designed to minimize use of external components. With two external 
resistors and two external capacitors, the system forms a dual slope A/D converter 
with automatic zero correction and automatic polarity. 

The MC14433 is ratiometric and may be used over a full-scale range from 1 .999 
volts to 199.9 millivolts. Systems using the MC14433may operate over a wide range 
of power supply voltages for ease of use with batteries, or with standard 5 volt 
supplies. The output drive conforms with standard B-series CMOS specifications 
and can drive a low-power Schottky TTL load. 

The high impedance MOS inputs allow applications in current and resistance 
meters as well as voltmeters. In addition to DVM/DPM applications, the MC14433 
finds use in digital thermometers, digital scales, remote A/D, D/A control systems, 
and in MPU systems. 

• Accuracy: ± 0.05% of Reading ± 1 Count 

• Two Voltage Ranges: 1.999 V and 199.9 mV 

• Up to 25 Conversions/s 

• Zj n > 1 000 M ohm 

• Auto-Polarity and Auto-Zero 

• Single Positive Voltage Reference 

• Standard B-Series CMOS Outputs - Drives One Low Power 
Schottky Load 

• Uses On-Chip System Clock, or External Clock 

• Wide Supply Range: e.g. ± 4.5 Vto ± 8.0 V 

• Overrange and Underrange Signals Available 

• Operates in Auto Ranging Circuits 

• Operates with LED and LCD Displays 

• Low External Component Count 

• See also Application Notes AN-769 and AN-770 

• Chip Complexity: 1326 FETs 



CMOS LSI 

(LOW POWER COMPLEMENTARY MOSI 

3V 2 DIGIT A/D CONVERTER 



FN SUFFIX 

PLCC PACKAGE 
CASE 776-01 




P SUFFIX 

PLASTIC PACKAGE 
CASE 709 



ORDERING INFORMATION 

MC14XXX_ Suffix Denotes 

■ P Plastic Package 
-FN PLCC Package 
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MAXIMUM RATINGS 



Rating 


Symbol 


Value 


Unit 


DC Supply Voltage 


v DD 'o v EE 


-0 5 to + 18 


V 


Voltage, any pin. referenced to Vee 


V 


-0.5 to 

vdd +0.5 


V 


DC Input Current, per Pin 


lin 


±10 


mA 


Operating Temperature Range 


Ta 


- 40 to + 85 


°C 


Storage Temperature Range 


T stg 


-65 to +150 


°c 



RECOMMENDED OPERATING CONDITIONS (V SS = or V EE I 



Parameter 



DC Supply Voltage 



V DD 10 An alog Ground 
V^e 10 Analog Ground 



Clock Frequency 

Zero Offset Correction Capacitor 



Symbol 



vdd 
vee 



fdk 



h 5.0 to +8.0 
-2.8 to -8.0 



32 to 400 
0.1 ±20% 



This device contains circuitry to protect 
the inputs against damage due to high 
static voltages or electric fields, however, 
it is advised that normal precautions be 
taken to avoid application of any voltage 
higher than maximum rated voltages to 
this high impedance circuit. For proper 
operation it is recommended that V m and 
V out be constrained to the range 
V EE <(V in or V out »<V DD 



lit 



ELECTRICAL CHARACTERISTICS (C|=0.1 M F mylar, R, = 470 kB@V ref =2.000 V 
FtC = 300 kll; all voltages referenced to Analog 



R| = 27 kl)@V ref = 200 mV. C o =0.1 M F. 
Ground, pin 1, unless otherwise indicated) 



Characteristic 


Symbol 


vdd 

Vdc 


vee 

Vdc 


-40°C 


25 °C 


85 °C 


Unit 


Min 


Max 


Mm 


Typ 


Max 


Min 


Max 


Linearity-Output Reading (Note 1) 
IV ref = 2.000 VI 

IV ref = 200.0 mVI 


- 


5.0 
50 


-5.0 
-5.0 






-0.05 
- Count 


±0 05 
±005 


+ 0.05 
+ Count 






% rdg 


Stability - Output Reading 

(Vx= 199.0 mV. V re f= 200.0 mVI 




5.0 


-5.0 










3 






LSD 


Symmetry — Output Reading (Note 2) 
IV re( = 2000 mV) 


- 


5.0 


-5.0 










4 






LSD 


Zero-Output Reading 

IV X = V. V ref =2 000 VI 


- 




-5.0 


— 
















LSD 


Bias Current - Analog Input 

Reference Input 
Analog Ground 




5.0 
5.0 
5.0 


-5.0 
-5.0 
-5.0 






_ 


±20 
±20 
d 2C 


± 100 
± 100 
±500 


— 


_ 


pA 


Common Mode Rejection (f c ||< = 32 kHz, 
V X =1.4 V, V ref = 2.000 VI 




5.0 


-5.0 








65 








dB 


Input Voltage* Pins9, 10 "0" Level 
(V O = 4,5or0.5VI 
(V = 9 or 1.0 VI 
(Vo=13.5 or 1,5 V) 

"1" Level 

(V = 0.5 or 4.5 VI 
(Vq=1.0 or 9.0 VI 
IV =1.5 or 13.5 VI 


VlL 


5.0 
10 
15 






1.5 
3.0 
4 C 




2 25 
4 50 
6 75 


15 
3.0 
4.0 




1.5 
30 
4.0 


V 


V|H 


5.0 
10 
15 




3.5 
7.0 
11.0 




3.5 
7 
11.0 


2 75 
550 
825 




3.5 
70 
11.0 




V 


Output Voltage - Pins 14 to 23 
(Vss=0V) "0" Level 

"1" Level 
(V SS = -5.0 VI "0" Level 

"1" Level 


vol 
voh 
vol 


5.0 
5.0 
5.0 
5.0 


-5.0 
-5.0 
-5.0 
-5.0 


4.95 
4 95 


005 
4.95 


4.95 
4 95 




-5.0 
-5.0 
5 


0.05 
-4.95 


4.95 
4.95 


05 
-4.95 


V 


Output Current — Pins 14 to 23 

IV SS = V) 

(Voh = 4.6VI Source 
(Vou = 0.4V) Sink 

IV SS = -5.0 VI 
IVoh = 4 5VI Source 
(Vql= -4.5 VI Sink 




lOL 


5.0 
5.0 

5.0 
5.0 


-5.0 
-5.0 

-5.0 
-5.0 


-0.25 
0.64 

-0.62 
16 




-0.2 
0.51 

-0.5 

1.3 


-0 36 
0.88 

-0.9 
2.25 




-0.14 
0.36 

-0.35 
0.9 




mA 


Input Current - DU. Pin 9 


'DU 


5 


-50 




• C 3 




±0 00001 


±0 3 




±10 


mA 


Quiescent Current 

iv DD to Vee. 'ss = oi 


IQ 


50 
8.0 


-5 
-8.0 




3.7 
7.4 




0.9 
18 


2.0 
4.0 




1 6 

3.2 


mA 


DC Supply Rejection 

iv DD to Vee. iss = o, v re , = 2.ooovi 




5.0 


-5.0 








0.5 








mV/V 



Notes: 1 . Accuracy - The accuracy of the meter at full scale is the accuracy of the setting of the reference voltage. Zero is recalculated during 
each conversion cycle The meaningful specification is linearity. In other words, the deviation from correct reading for all inputs other 
than positive full scale and zero is defined as the linearity specification. 

2 Symmetry Definpd as thp diffprpncp hPtwppn a npqat.yp and positivp rparjmg oi thp samp voltaqp *t rv np*f full scalp 
* Referenced to Vgs f ° r Pin 9 Referenced to V E £ for Pm 10 
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TYPICAL CHARACTERISTICS 



53 



FIGURE 1 - TYPICAL ROLLOVER ERROR 
versus POWER SUPPLY SKEW 
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FIGURE 2 - TYPICAL QUIESCENT POWER SUPPLY CURRENT 
versus TEMPERATURE 
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FIGURE 3 - TYPICAL N -CHANNEL SINK CURRENT 
AT VDD-VSS - 5 VOLTS 
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FIGURE 4 - TYPICAL P -CHANNEL SOURCE CURRENT 
AT VDD-VSS = 5 VOLTS 
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FIGURE 5 - TYPICAL CLOCK FREQUENCY 
versus RESISTOR (R c ) 
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FIGURE 6 - TYPICAL % CHANGE OF CLOCK FREQUENCY 
versus TEMPERATURE 
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PIN DESCRIPTIONS 

ANALOG GROUND (Vag. Pin 1) 

Analog ground at this pin is the input reference level for 
the unknown input voltage (Vx) and reference voltage 
IV re f). This pin is a high impedance input. The allowable 
operating range for Vag is from Vffg +2.8 V to Vqd 
-4.5 V. 

REFERENCE VOLTAGE (V ref , Pin 21 
UNKNOWN INPUT VOLTAGE (V x , Pin 3) 

This A/D system performs a ratiometrio-A/D conversion; 
that is, the unknown input voltage. Vx, is measured as a 
ratio of the reference voltage, V re f. The full scale voltage is 
equal to that voltage applied to V re f. Therefore, a full scale 
voltage of 1 .999 V requires a reference voltage of 2.000 V 
while full scale voltage of 199.9 mV requires a reference 
voltage of 200 mV. Both Vx and V re f are high impedance in- 
puts. In addition to being a reference input, Pin 2 functions 
as a reset for the A/D converter. When Pin 2 is switched low 
(referenced to Vee> for at least 5 clock cycles, the system is 
reset to the beginning of a conversion cycle. 

EXTERNAL COMPONENTS (R|, R|/C|, C\; Pins 4, 5, 6) 

These pins are for external components for the integration 
used in the dual ramp A/D conversion. A typical value for 
the capacitor is 0.1 pF (polystyrene or mylar) while the 
resistor should be 470 kll for 2.0 V full scale operation and 
27 ktl for 200 mV full scale operation. These values are for a 
66 kHz clock frequency which will produce a conversion time 
of approximately 250 ms. The 
calculation for the values for inte 
follows: 

yxlmax) T 
R| - — CT~ AV 

AV = V DD -V x (max)-0.5 V 

1 



T = 4000x 



f Clk 



where: 
Rl is in kO 

Vqq is the voltage at Pin 24 referenced to Vag 

Vx is the voltage at Pin 3 referenced to Vag. in V 

fClk is the clock frequency at Pin 10 in kHz 

C| is in M F, AV is in Volts 

T is the conversion time, in seconds 

Example: 

C| = 0.1 iiF 
Vdd = 5 volts 
fClk = 66 kHz 
For V X (max) = 2.0 volts 

R| = 480 Ml (use 470 kQ±5%) 



For Vx(maxl = 200 mV 

R| = 28kO(use27kQ±5%) 

Note that for worst case conditions, the minimum 
allowable value for R| is a function of C| min, Vqq m in, and 
fClk max Tn e worst-case condition does not allow AV + Vx 
to exceed Vqd. The 0.5 V factor in the above equation for 
AV is for safety margin. 

OFFSET CAPACITOR (C01, C02; Pins 7, 8) 

These pins are used for connecting the offset correction 
capacitor. The recommended value is 0.1 /iF (polystyrene or 
mylar). 

DISPLAY UPDATE INPUT (DU, Pin 9) 

If a positive edge is received on this input prior to the 
ramp-down cycle, new data will be strobed into the output 
latches during that conversion cycle. When this pin is wired 
directly to the EOC output (Pin 14), every conversion will be 
displayed. When this pin is driven from an external source, 
the voltage should be referenced to Vss 

CLOCK (Clk I, Clk O, Pins 10, 11) 

The MC14433 device contains its own oscillator system 
clock. A single resistor connected between pins 10 and 11 
sets the clock frequency. If increased stability is desired, 
these pins will support a crystal or LC circuit. The clock in- 
put. Pin 10, may also be driven from an external clock source 
which need have only standard CMOS output drive. For ex- 
ternal clock inputs this pin is referenced to Vee A 300 ktl 
resistor results in clock frequency of aboutf36 kHz. (See the 
typical characteristic curves.) For alternate circuits see 
Figure 7. 

NEGATIVE POWER SUPPLY (V EE , Pin 12) 

This is the connection for the most negative power supply 
voltage. The typical current is 0.8 mA. Note the current for 
the output drive circuit is not returned through this pin, but 
through Pin 13. Vx-Vee should be greater than 0.8 V. 

NEGATIVE POWER SUPPLY FOR OUTPUT 
CIRCUITRY AND INPUT DU (Vss. Pin 13) 

This is the low voltage level for the output pins of the 
MC14433 (BCD, Digit Selects, EOC, OR) and the DU input. 
When this pin is connected to analog ground, the output 
voltage is from analog ground to Vdd. When connected to 
Vffr;, the output swing is from Vee to VQD The allowable 
operating range for Vss is between Vqd -3.0 volts and 
VEE 

END OF CONVERSION (EOC, Pin 14) 

The EOC output produces a positive pulse at the end of 
each conversion cycle. This pulse width is equivalent to one 
f the period of the system clock (Pin 11), 
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OVERRANGE (OR. Pin 15) 

The OR pin is low when Vx exceeds V re f. Normally it is 
high. 

DIGIT SELECT (DS4, DS3, DS2, DS1; Pins 16, 17, 18, 191 

The digit select output is high when the respective digit is 
selected- The most significant digit (V5 digitl turns on im- 
mediately after an EOC pulse followed by the remaining 
digits, sequencing from MSD to LSD. An interdigit blanking 
time of two clock periods is included to ensure that the BCD 
data has settled. The multiplex rate is equal to the clock fre- 
quency divided by 80. Thus with a system clock rate of 66 
kHz, the multiplex rate would be 0.8 kHz. Relative timing 
among digital select outputs and the EOC signal is shown in 
the Digit Select Timing Diagram, Figure 8. 

BCD DATA OUTPUTS (00, Q1, 02, 03, Pins 20, 21, 22, 23! 

Multiplexed BCD outputs contain 3 full digits of informa- 
tion during DS2, 3, 4, while during DS1, the K digit, over- 
range, underrange and polarity are available. The adjacent 
truth table shows the formats of the information during DS1 . 

POSITIVE POWER SUPPLY (Vqd. p in 24) 

The most positive supply voltage pin. Vqd - Vx should be 
greater than 2.5 V. Vqq- Vgg should be greater than 7.8 V. 
Vqd determines Voh f ° r the digital outputs, and Vih for the 
digital inputs. 



TRUTH TABLE (DS1 = 1 ) 



Coded Condition 










BCD to 7 Segment 


of MSD 


03 


Q2 


Qt 


QO 


Decoding 


+ 


1 


1 


1 





Blank 




-0 


1 





1 





Blank 




+ UR 


1 


1 


1 


1 


Blank 




-OUR 


1 





1 


1 


Blank 




+ 1 





1 










Hook up 


-1 
















( only seg b 


+ 1 OR 





i 


1 


1 




and c to 


- 1 OR 








1 


1 




MSD 



Notes for Truth Table: 
Q3 - Vi digit, low for "1". high for "0" 
02 - Polarity: "1" = positive, "0"=negative 
QO - Out of range condition exists if QO = 1 When used in con- 
junction with 03 the type of out of range condition is in- 
dicated, i.e., 03 = — OR or Q3= 1 — UR. 

When only segment b and c of the decoder are connected to the 
'/a digit of the display 4, 0, 7 and 3 appear as 1 . 

The overrange indication (Q3 = and Q0 = It occurs when the 
count is greater than 1999, e.g.. 1.999 V for a reference of 2 000 V. 
The underrange indication, useful for autoranging circuits, occurs 
when the count is less than 180, e.g., 0.180 V for a reference of 
2 000 V 

Caution: If the most significant digit is connected to a display other 
than a "1" only; such as a full digit display, segments other than b 
and c must be disconnected. The BCD to seven segment decoder 
must blank on BCD inputs 1010 to 1111. 



lal Crystal Oscillator Circuit 



FIGURE 7 - ALTERNATE OSCILLATOR CIRCUITS 

lb) LC Oscillator Circuit 





10pF<C1andC2< 200pF 
EOC— H h— % Clock Cycle 



For L = 5mH and C= 0.01 |iF, f = 32 kHz 
FIGURE 8 - DIGIT SELECT TIMING DIAGRAM 
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FIGURE 9 - INTEGRATOR \ 

Start 




FIGURE 10 - EQUIVALENT CIRCUIT DIAGRAMS OF THE 
ANALOG SECTION DURING SEGMENT 4 
OF THE TIMING CYCLE 



Comparator 




CIRCUIT OPERATION 



The MC14433 CMOS integrated circuit, together with a 
minimum number of external components, forms a modified 
dual ramp A/D converter. The device contains the 
customary CMOS digital logic providing counters, latches, 
and multiplexing circuitry as well as the CMOS analog cir- 
cuitry providing operational amplifiers and comparators re- 
quired to implement a complete single chip A/D. Autozero, 
high input impedances, and autopolarity are features of this 
system. Using CMOS technology, an A/D with a wide range 
of power supply voltage and low power consumption is now 
available with the MC14433. 

During each conversion, the offset voltages of the internal 
amplifiers and comparators are compensated for by the 
system's autozero operation. Also each conversion 'ratio- 
metrically' measures the unknown input voltage. In other 
words, the output reading is the ratio of the unknown 
voltage to the reference voltage with a ratio of 1 equal to the 
maximum count 1999 The entire conversion cycle requires 
slightly more than 16000 clock periods and may be divided in- 
to six. different segments. The waveforms showing the con- 
version cycle with a positive input and a negative input are 
shown in Figure 9. The six segments of these waveforms are 
described below. 

Segment 1 - The offset capacitor IC ), which compen 
sates for the input offset voltages of the buffer and inte- 



grator amplifiers, is charged during this period. Also, the 
integrator capacitor is shorted. This segment requires 4000 
clock periods. 

Segment 2 — The integrator output decreases to the com- 
parator threshold voltage. At this time a number of counts 
equivalent to the input offset voltage of the comparator is 
stored in the offset latches for later use in the autozero pro- 
cess. The time for this segment is variable, and less than 800 
clock periods. 

Segment 3 — This segment of the conversion cycle is the 
same as Segment 1 . 

Segment 4 — Segment 4 is an up-going ramp cycle with 
the unknown input voltage (Vxl as the input to the inte- 
grator. Figure 10 shows the equivalent configuration of the 
analog section of the MC14433. The actual configuration of 
the analog section is dependent upon the polarity of the in- 
put voltage during the previous conversion cycle. 

Segment 5 — This segment is a down-going ramp period 
with the reference voltage as the input to the integrator. 
Segment 5 of the conversion cycle has a time equal to the 
number of counts stored in the offset storage latches during 
Segment 2. As a result, the system zeros automatically. 

Segment 6 — This is an extension of Segment 5. The time 
period for this portion is 4000 clock periods. The results of 
the A/D conversion cycle are determined in this portion of 
the conversion cycle. 
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FIGURE 11 — 3V4 DIGIT VOLTMETER— COMMON ANODE DISPLAYS. FLASHING OVERRANGE 
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APPLICATIONS INFORMATION 



V/i DIGIT VOLTMETER - COMMON ANODE 
DISPLAYS, FLASHING OVERRANGE 

An example of a 3'/i digit voltmeter using the MC14433 is 
shown in the circuit diagram of Figure 11. The reference 
voltage for the system uses an MC1403 2.5 V reference IC. 
The full scale potentiometer can calibrate for a full scale of 
199.9 mV or 1.999 V. When switching from 2 V to 200 mV 
operation, R| is also changed, as shown on the diagram. 

When using Rc equal to 300 kt), the clock frequency for 
the system is about 66 kHz. The resulting conversion time is 
approximately 250 ms. 

When the input is overrange, the display flashes on and 
off. The flashing rate is one-half the conversion rate. This is 
done by dividing the EOC pulse rate by 2 with '/: MC14013B 
flip-flop and blanking the display using the blanking input of 
the MC14543B. 



The display uses an LED display with common anode digit 
lines driven with an MC14543B decoder and an MC1413 LED 
driver. The MC1413 contains 7 Darlington transistor drivers 
and resistors to drive the segments of the display. The digit 
drive is provided by four MPS-A12 Darlington transistors 
operating in an emitter follower configuration. The 
MC14543B. MC14013B and LED displays are referenced to 
Vf£r; via Pin 13 of the MC14433. This places the full power 
supply voltage across the display. The current for the display 
may be adjusted by the value of the segment resistors shown 
as 150 ohms in the above figure. 

The power supply for the system is shown as a dual ± 5 V 
supply. However, the MC14433 will operate over a wide 
range of voltages, and balance between the + 5 and - 5 V 
supplies is not required. See the recommended operating 
conditions and Figure 1. 
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FIGURE 12 - 3V4 DIGIT VOLTMETER WITH LOW COMPONENT COUNT 



470 k f 1 at 



Input 



Zener Diode 
or 

MC1403 
Reference 



T 



R| 

v x 

Vag 

DU 

EOC 

Vref 



R|/C| C| C01 



MC14433 



DS3 DS2 



C02 
Clk 

ClkO 
OR 

Q0 
01 
Q2 
03 

v S s 
vee 



for V rel = 2.000 V 

V x : 1 .999 V full scale 

tforV re f = 200 0mV 

V x : 199.9 mV full scale 
(change 470 kO to R| = 27 kfl 
and decimal point position) 

•Vee can range between -2.8 and 
- 11 V. Also see Figure 18 for 
negative supply generated from a 
positive supply 
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354 DIGIT VOLTMETER WITH LOW COMPONENT 
COUNT USING COMMON CATHODE DISPLAYS 

The 3Vj digit voltmeter of Figure 12 is an example of the 
use of the MC14433 in a system with a minimum of compo- 
nents. This circuit uses only 1 1 components in addition to 
the MC14433 to operate the MC14433 and drive the LED 
displays. 

In this circuit the MC14511B provides the segment drive 
for the 3'/i digits. The MC1413 provides sink for digit cur- 
rent. (The MC1413 is a device with 7 Darlingtons with com- 
mon emitters.) The worst case digit current is 7 times the 
segment current at % duty cycle. The peak segment current 
is limited by the value of R. The current for the display flows 
from Vqq ( + 5 V) to ground and does not flow through the 
Vf£E (negative) supply. The minus sign is controlled by one 
section of the MC1413 and is turned off by shunting the cur- 
rent through Rm to ground, bypassing the minus sign LED. 
The minus sign is derived from the Q2 output. The decimal 
point brightness is controlled by resistor Rop. Since the 
brightness and the type and size of LED display are the 



! of the designer, the values of resistors R, Rm, RDP. 
and Rr that govern brightness are not given. 

During an overrange condition the 3% digit display is 
blanked at the Bl pin on the MC14511B. The decimal point 
and minus sign will remain on during a negative overrange 
condition. In addition, an alternate overrange circuit with 
separate LED is shown. 

3V4 DIGIT VOLTMETER WITH LCD DISPLAY 

A circuit for a 3Vi digit voltmeter with a liquid crystal 
display is shown in Figure 13. Three MC14543B LCD latch/ 
decoder/display drivers are used to demultiplex, decode the 
three digits, and drive the LCD. The half digit and polarity are 
demultiplexed with the MC14013B dual D flip-flop. 

Since the LCD is best driven by an ac signal across the 
LCD, the low-frequency square wave drive for the LCD is 
derived from the MC14024B binary counter which divides the 
digit select output from the A/D. This low frequency square 
3 the backplane of the LCD and to the in- 
l of the output cir- 
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FIGURE 13 - 3 % DIGIT VOLTMETER WITH LCD DISPLAY 
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cuitry of the MC14543B and the exclusive OR gates at the 
outputs of the MC14013B. Alternatively the square wave can 
be derived from a 50/60 Hz input signal when available. 

The minus sign and the decimal point to the right of the 
half digit are connected to the inverted low frequency square 
wave signal. Unused decimal points are tied directly to the 
low frequency square wave. 

The system shown operates from two power supplies 
(plus and minus). Alternatively one supply can be used when 
Vss is connected to Vfff.. In this case a level must be set for 
analog ground, Vag. which must be at least 2.8 V above 
V^ff. This circuit may be implemented with a resistor net- 
work, resistor/forward-biased diode network or resistor- 
zener diode network. For example, a 9 V supply can be used 
with 3 V between V/^G and V EE. leaving 6 V for Vqd to 
V AG- This system leaves a comfortable margin for battery 
degeneration (end of life). Two versions of this circuit for 
single supply operation is shown in Figure 14. 

For panel meter operation from a single 5 V supply, a 
negative supply can be generated as shown in Figure 18. 



FIGURE 14 - TWO CIRCUITS FOR GENERATION 
OF V r8 f AND V AG FROM A SINGLE SUPPLY 
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FIGURE 15 - 3% DIGIT AUTO RANGING MULTIMETER 




3<A DIGIT AUTORANGING MULTIMETER 

An autoranging multimeter including ac and dc voltage 
ranges from 200 mV to 200 V, ac and dc current from 2 mA 
to 2 A fullscale and resistance ranges from 2 k[) to 2 MO full- 
scale is shown in Figure 15. In this multimeter only two input 
jacks are required for all ranges and functions, eliminating 
the need for changing leads on the instrument when chang- 
ing ranges or functions. Although only four ranges are pro- 
vided for each function, the technique used may be expand- 
ed to more ranges if desired. Range switching uses 
mechanical relays. However, the relays may be replaced with 
solid state analog switches. 

The MC14433 provides the overrange and underrange 
control signals for the automatic ranging circuits. For addi- 
tional information, see Motorola Application Note AN-769, 
"Autoranging Digital Multimeter Using the MC14433 CMOS 
A/D Converter." 



PARALLEL BCD DATA OUTPUT CIRCUIT 

The output of the MC14433 may be demultiplexed to pro- 
duce parallel BCD data as shown in Figure 16. Two levels of 
latches are required for a complete demultiplexing of the 
data since the outputs of the MC14042B latches change se- 
quentially with the DS1 to DS4 strobe pulses. To key output 
validity to one leading edge, i.e., that of the EOC signal of 
the MC14433, information is transferred to the second set of 
latches (MC14175B latches). A single set of latches can be 
used when reading of output is restricted to within 12,000 
clock pulses after EOC. This requires synchronous system 
operation with respect to the BCD data bus. 

In this system the output ground level is VsS- ' n most 
cases, a two supply system with Vss connected to V/^q is 
recommended. This allows connecting analog ground and 
digital ground together without destroying a power supply. 
This circuit works well with that of Figure 12. 



FIGURE 16 - DEMULTIPLEXING FOR MC14433 BCD DATA 



Multiplexed 
BCD 



DS3 DS4 



DO D1 D2 D3 
V DD — |Pol MC14042B C 
Q0 Q1 Q2 Q3 



DO D1 D2 D3 
C MC14042B Pol 
Q0 Q1 Q2 Q3 



VDD 



DO D1 D2 D3 
Pol MC14042B c| ' 

Q0 Q1 0.2 Q3 



DO D1 D2 D3 
C MC14042B Pol 
Q0 Q1 Q2 Q3 



-VDD 



DO D1 D2 D3 
VDD— |fi MC14175B C 
Q0 Q1 Q2 Q3 



TTTT 



VDD 



MSD 



DO D1 D2 D3 
R MC14175B C 
Q0 Ql Q2 03 
1 I 1 I 



VDD- 



DO D1 D2 D3 
Ft MC14175B C 
Q0Q1Q2 Q3 



TTT 



VDD 



DO D1 D2 D3 
R MC14175B C 
QO 01 Q2 Q3 

TTTT 

LSD 



-oEOC 



2-100 



MCI 4433 



FIGURE 



CHANNEL DATA ACQUISITION HARDWARE 




To MC6800 
System 



8 CHANNEL DATA ACQUISITION NETWORK 

Figure 17 shows an 8-channel data acquisition network us- 
ing the MC14433 and an MC6800 microprocessor system. 
The interface between the microprocessor data bus and the 
A/D system is done with an MC6821 PIA. One half of the 
PIA is used with the BCD and digit select outputs of the 
MC14433, while the second half of the PIA selects the chan- 



nel to be measured via the MC14051B analog multiplexer. 
Control lines CB1 and CB2 are used for data flow control and 
are connected to DU and EOC of the MC14433. 

A more detailed explanation of this system including the 
actual software required for the M6800 microprocessor may 
be found in Motorola Application Note AN-770, "Data Ac- 
quisition Networks With NMOS and CMOS." 



FIGURE 18 - NEGATIVE SUPPLY GENERATED FROM POSITIVE SUPPLY 
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NEGATIVE SUPPLY GENERATED FROM POSITIVE 
SUPPLY 

When only + 5 V is available, a negative supply voltage 
can be generated with the circuit of Figure 18 using one 
MC14049UB. Two inverters from CMOS hex inverter are 
used as an oscillator ( = 3 kHz) with the remaining inverters 
used as buffers for higher current output. The square wave 
output from the oscillator is level-translated to a negative go- 
ing, signal. This signal is rectified and filtered. A Vqd voltage 
of + 5 V for the hex buffer will result in a - 4.3 V no load out- 
put voltage while the output with a 2 mA load is =3.4 V. 
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ANALOG-TO-DIGITAL CONVERTER (ADC) 

The MC14442 ADC is a 28-pin bus-compatible 8-bit A/D converter 
with additional digital input capability. The device operates from a 
single 5 V supply and provides direct interface to the MPU data bus 
used with all Motorola M6800 family parts. It performs an 8-bit conver- 
sion in 32 machine cycles and allows up to 1 1 analog inputs. In addition, 
the part can accept up to 6 digital inputs. These inputs are designed to 
be either analog or digital inputs. All necessary logic for software con- 
figuration, channel selection, conversion control and bus interface is in- 
cluded. 

• Direct Interface to M6800 Family MPUs 

• Dynamic Successive Approximation A/D 

• 32 ^s Conversion at fg= 1.0 MHz 

• Ratiometric Conversion 

• Completely Programmable 

• Completely Software Compatible with the MC14444 ADC 

• 5 Dedicated Analog Inputs 

• 6 Inputs Usable for Either Analog or Digital Signals 

• Completely TTL Compatible Inputs at Full Speed with Supply 
Voltage of 5 V ± 10% 



CMOS LSI 

ILOW-POWER SILICON GATE 
COMPLEMENTARY MOSI 



MICROPROCESSOR-COMPATIBLE 
ANALOG-TO-DIGITAL CONVERTER 




P SUFFIX 

PLASTIC PACKAGE 
CASE 710 



ORDERING INFORMATION 

MC14XXX^ 

Suffix Denotes 
-FN PLCC Package 

-P Plastic Package 



BLOCK DIAGRAM AND PIN ASSIGNMENT 
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MAXIMUM RATINGS* 



Symbol 


Parameter 


Value 


Unit 


VDD 


DC Supply Voltage (Referenced to Vgg) 


- 0.5 to + 6.5 


V 


V,n 


DC Input Voltage (Referenced to Vss* 


-0.5 to Vcc + 0.5 


V 


V ut 


DC Output Voltage (Referenced to Vss' 


-0.5 to Vcc + 0.5 


V 


■in 


DC Input Current, per Pin 


±10 


mA 


'out 


DC Output Current, per Pin 


±10 


mA 


to 


DC Supply Current, Vrjp and V$S Pins 


± 20 


mA 


pd 


Power Dissipation, per Package* 


500 


mW 


T stg 


Storage Temperature 


-65 to +150 


°C 


T L 


Lead Temperature (10-Second Soldering) 


300 


°C 



This device contains circuitry to protect the 
inputs against damage due to high static 
voltages or electric fields; however, it is ad- 
vised that normal precautions be taken to 
avoid applications of any voltage higher than 
maximum rated voltages to this high im- 
pedance circuit. For proper operation it is 
recommended that Vj n and V OU ( be con- 
strained to the range V$s £ Win or 
V ut>SV DD 

Unused inputs must always be tied to an 
appropriate logic voltage level (e.g.. either 
Vss or V DD> 



* Maximum Ratings are those values beyond which damage to the device may occur. 
tPower Dissipation Temperature Derating: 

Plastic "P" Package: - 12mW/°C from 65°C to 85°C 

Ceramic "L" Package: no derating 

DC ELECTRICAL CHARACTERISTICS (V DD = 5.0 V ±10%, V SS = V, T A = -40°C to85°C unless otherwise noted) 



Bus Control Inputs (R/W, Enable, Reset, RS1, CS) 



I Symbol 



Conditions 



I Max | Unit | 



Input High Voltage 


V| H 




2 




V 


Input Low Voltage 


V|L 






08 


V 


Input Leakage Current 


lin 


V in = to 5.5 V 




±1 


fA 


Data Bus (D0-D7) 


Input High Voltage 


V|H 




2 




V 


Input Low Voltage 


V IL 






0.8 


V 


Three-State (Off Statel Input Leakage Current 


'TSI 


V DD = 5 5 V, 

Vss=sv in <v DD 




±10 


fA 


Output High Voltage 


VOH 


lOH =-16 mA 


24 




V 


Output Low Voltage 


vol 


IQL = 16 mA 




0.4 


V 


Peripheral Inputs IP0-P5) 


Input High Voltage 


V|H 




2 




V 


Input Low Voltage 


V|L 






8 


V 


Input Leakage Current 


'in 


V DD = 5.5V, 
VsS=sV in 5V DD 




±1.0 


fA 


Current Requirements 


Supply Current 


IpD 


V DD = S.5V 




10 


mA 


Input Current. V ref 


'ref 


V re f = 4.5 to 5.5 V 




800 




ANALOG CHARACTERISTICS <T A = -«°C to 85°C> 


Characteristic Description 


Min | Max | Unit | 



Analog Multiplexer 



Leakage Current 

A/D Converter (V S S = V, V A G = V, 4.5 V< V re f< V DD S5.5 VI 



Leakage current between all deselected analog inputs and any selected 
analog input with all analog input voltages between Vss and Vqq 



±500 



nA 



Resolution 


Number of bits resolved by the A/D 


8 




Bits 


Nonlinearity 


Maximur 
characte 


n deviation from the best straight line through the A/D transfer 




± Vi 


LSB 


Zero Error 


Difference between the output of an ideal and an actual A/D for zero 
input voltage 




± 'A 


LSB 


Full-Scale Error 


Difference between the output of an ideal and' an actual A/D for full-scale 
input voltage 




± 'A 


LSB 


Total Unadjusted Error 


Maximum sum of Nonlinearity, Zero Error, and Full-Scale Error 






LSB 


Quantization Error 


Uncertainty due to converter resolution 




± » 


LSB 


Absolute Accuracy 


Difference between the actual input voltage and the full-scale weighted 
equivalent of the binary output code, all error sources included 




±10 


LSB 


Conversion Time 




e to perform a single analog-to-digital conversion 




32 


E cycles 


Sample Acquisition Time 


Time required to sample the analog input 


- 


12 


E cycles 
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AC CHARACTERISTICS (T A = -40° to 85°C) [See Figure 1) 



Characteristic 


Signal 


Symbol 


Min 


Max 


Unrt 


Enable Clock Cycle Time < 1 /f e> 


E 


'eye! El 


943 


- 


ns 


Enable Clock Pulse Width. High 


E 


PW H |E) 


440 


- 


ns 


Enable Clock Pulse Width, Low 


E 


fwliei 


410 


- 


ns 


Clock Rise Time 


E 


'r(E) 


- 


25 


ns 


Clock Fall Time 


E 


'HE) 




30 


ns 


Address Setup Time 


RSI. R/W, CS 


'AS 


146 




ns 


Data Dplav (ftoaiil 


D0-D7 


'DDR 




335 




Data Setup (Write) 


D0-D7 


'DSW 


185 




ns 


Address Hold Time 


RSI, R/W, CS 


'AH 


10 




ns 


Input Data Hold Time 


D0-D7 


'DHW 


10 




ns 


Output Data Hold Time 


D0-D7 


'DHR 


10 




ns 


Input Capacitance 


P0-P5, 
AN0-AN10, 


Cin 




55 


pF 


R/W. E, RS1. 
CS, RESET 




15 


Three-State Output Capacitance 


D0-D7 


c out 




15 





FIGURE 1 - BUS TIMING 
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PIN FUNCTIONS 





Pin Name 


Function 




1 


v AG 


A/D Converter Analog Ground 


S upply 


2 


Vcc 

v ss 


Digital Ground 


Supply 


3 


D7 


Data Bus Bit 7 IMSBt 


Input/ Output 






uaia BUS DII o 


Input/ Output 


K 


D5 


uaia oub oil o 


Input/ Output 


ft 


D4 


Plata P.i jc Rit A 
Udld DUb DII «♦ 


Input/Output 




D3 


rialq Ri ic Rit 9 
Udld DU3 DII O 


Input / Output 


g 


D2 


Plata One Ril 9 
L>dlo DUb Oil Z 


1 nni it / On tni it 


q 


D1 


Plata Ri ic Rit 1 
Lsdld DUo OK 1 


Input/Output 


10 


DO 


Data Bus Bit (LSB) 


Input/ Output 


1 1 


R/W 







12 


g 


Enable Clock (#2) 


— i^! — 


13 


RSI 


Rgqisigt Select 




14 


CS~ 


Chip Select 




15 






— ^ — 

npu 


16 


rOl AIM / 1 


Digital Port or Analog Channel 7 


Input 


^7 


DAI A Mftl 
r*tl AIVOI 


Digital Port or Analog Channel 6 


Input 




D"3( A MQI 
rjl AlNyi 


Digital Port or Analog Channel 9 


Input 






Digital Port or Analog Channel 8 


Input 




OH A Ml 1 1 

r HAN I 1 1 


Digital Port or Analog Channel 11 


Inpuj 


21 


rUl AM IUJ 


uignai rori or Analog unannei iu 






22 


AN5 


Analog Channel 5 


Input 


23 


AN4 


Analog Channel 4 


Input 


24 


AN3 


Analog Channel 3 


Input 


25 


AN2 


Analog Channel 2 


Input 


26 


A NO 


Analog Channel 


Input 


27 


V'DD 


Supply Voltage 


Supply 


28 


Vref 


A/D Converter Positive Reference 
Voltage 


Input 



MC14442 MPU INTERFACE SIGNALS 

Bidirectional Data Bus (D0-D7I - The bidirectional data 
lines D0-D7 comprise the bus over which data is transferred 
in parallel to and from the MPU. The data bus output drivers 
are three-state devices that remain in the high-impedence 
state except during an MPU read of an ADC data register. 

Enable Clock (E) - The enable clock provides two func- 
tions for the MC14442. First, it serves to synchronize data 
transfers into and out of the ADC. The timing of all other ex- 
ternal signals is referenced to the leading or trailing edge of 
the enable clock. Secondly, the enable clock is used internal- 
ly to derive the necessary SAR A/D conversion clocks. 
Because this conversion is a dynamic process, enable clock 
must be a continuous signal into the ADC during an A/D 
conversion. 

Read/Write (R/W) - The R/W signal is provided to the 
MC14442 to control the direction of data transfers to and 
from the MPU. A low state on this line is required to transfer 
data from the MPU to the ADC control register. A high state 
is required on R/W to transfer data out Of either of the ADC 
data registers. 



Reset (Reset) - The reset line supplies the means of 
externally forcing the MC14 442 into a known state. When a 
low is applied to the Reset pin, the start conversion bit of 
the control register is cleared. Analog channel is 
automatically selected by the analog multiplexer. The A/D 
status bit is also cleared. Any A/D results present in the 
Analog Data register are not affected by a reset. Reset forces 
the data bus output drivers to the high-impedance state. The 
internal byte pointer (discussed in the following pages) is set 
to point to the most significant byte of any subsequently 
selected internal regi ster. In order to attain an internally 
stable reset state, the Reset pin must be low for at least one 
complete enable clock cycle. 

Chip Select (£5) - Chip select is an active-low input used 
by the MPU system to enable the ADC for data transfers. No 
data may be passed to or from the ADC through the data bus 
pins unless C5 is in a low state. A selection of MPU address 
lines and the M6800 VMA signal or its equivalent should be 
utilized to provide chip select to the MC14442. 



ANALOG INPUTS AND 

(Refer to the ADC Block Diagram) 



Dedicated Analog Channels (ANO, AN2-AN5) - These 
input pins serve as dedicated analog channels subject to A/D 
conversions. These channels are fed directly into the internal 
12-to-l analog multiplexer which feeds a single analog 
voltage to the A/D converter. 



Shared Analog Channels (AN6-AN11) - These input pins 
are also connected to the analog multiplexer and may be 
used as analog channels for A/D conversion. However, 
these pins may also serve as digital input pins as described 
next. 



9 
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Shared Digital Inputs (P0-P5) - P0-P5 comprise a 6-bit 
digital input port whose bits may also serve as analog chan- 
nels. The state of these inputs may be read at any time from 
the ADC digital data register. The function of these pins is 
not programmed, but instead is simply assigned by the 
system designer on a pin-by-pin basis. 

CAUTION: Digital values read from the P0-P5 bit 
locations do not guarantee the presence of true dig- 
ital input levels on these pins. P0-P5 pass through a 
TTL-compatible input buffer and into the digital data 
register. These buffers are designed with enough 
hysteresis to prevent internal oscillations if an analog 
voltage between 0.8 and 2 V is present on one or 
more of these six pins. 

MC14442 SUPPLY VOLTAGE PINS 

Positive Supply Voltage (Vdd) - V DD is used internally 
to supply power to all digital logic and to the chopper 
stabilized comparator. Because the output buffers con- 
nected to this supply must drive capacitive loads, ac noise on 
this supply line is unavoidable internally. Analog circuits us- 
ing this supply within the MC14442 were designed with high 
Vqd supply rejection; however, it is recommended that a 
filtering capacitance be used externally between Vdd and 
Vss t0 n ' ter noise caused by transient current spikes. 

Ground Supply Voltage (Vss) _ V SS should be tied to 
system digital ground or the negative terminal of the Vdd 
power source. Again, the output buffers cause internal noise 
on this supply, so analog circuits were designed with high 
Vss rejection. 

Positive A/D Reference Voltage (V re f) - This is the 
voltage used internally to provide references to the analog 
comparator and the digital-to-analog converter used by the 
SAR A/D. The analog-to-digital conversion result will be 
ratiometric to V re f-.VAG " ul1 scale). Hence V re f should be a 
very noise-free supply. Ideally V re f should be single-point 
connected to the voltage supply driving the system's 
transducers. V re f may be connected to Vdd, Dut degrada- 
tion of absolute A/D accuracy may result due to switching 
noise on VoD- 

A/D Ground Reference Voltage (Vag) - This supply is 
the ground reference for the internal DAC and several 
reference voltages supplied to the comparator. It should also 
be noise-free to guarantee A/D accuracy. Absolute accuracy 



may be degraded if Vag ' s wed to Vss at tn e ADC 
package unless Vgs has been sufficiently filtered to remove 
switching noise. Ideally Vag should be single-point ground- 
ed to the system analog ground supply. 

MC14442 INTERNAL REGISTERS 

The MC14442 ADC has three 16-bit internal registers. Each 
register is divided into two 8-bit bytes: a most significant 
(MS) byte (bits 8-151 and a least significant (LSI byte (bits 
0-71. Each of these bytes may not be addressed externally, 
but instead are normally addressed by a single 16-bit instruc- 
tion such as the M6800 LDX instruction. An internal byte 
pointer selects the appropriate register byte during the two E 
cycles of a normal 16-bit access. In keeping with the M6800 
X register format, the pointer points first to the MS byte of 
any selected register. After the E cycle in which the MS byte 
is accessed, the pointer will switch to the LS byte and remain 
there for as long as chip select is low. The pointer moves 
back to the MS byte on the falling edge of E after the first 
complete E cycle in which the ADC is not selected. (See 
Figure 2a for more detail.) The MS byte of any register may 
also be accessed by a simple 8-bit instruction as shown in 
Figure 2b. However, the LS byte of all registers may be 
accessed only by 16-bit instructions as described above. By 
connecting the ADC register select (RS1) to the MPU 
address line A1 , the three registers may be accessed sequen- 
tially by 16-bit operations. 

CAUTION: RSI should not be connected to 
address line AO and the addressing of the ADC 
should be such that RS1 does not change states 
during a 16-bit access. 



INTERNAL REGISTER ADDRESSING 



Addressing Signals 


ADC Response 


Reset 


cs 


R/W 


RSI 





X 


X 


X 


Reset 


1 











No Response 


1 








1 


MPU Write to Control Register 


1 





1 





MPU Read from Analog Data 
Register 


1 





1 


1 


MPU Read from Digital Data 
Register 


1 


1 


X 


X 


Chip Deselected (No Response) 
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FIGURE 2 - ADC ACCESS TIMING 



a - Typical 16-Bit ADC Access 
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MC14442 CONTROL REGISTER 
(Write Only) 



15 



X 


X 


X 


X 


X 


X 


X 


sc 


X 


X 


X 


X 


A3 


A2 


Al 


AO 


IMSB) 














ILS8) 


IMSB) 














(LSB) 



- Most Significant Byte- 
— 8-Bit Write 



-Least Significant Byte- 



Analog Multiplexer Address (A0-A3) - These four 
address bits are decoded by the analog multiplexer and used 
to select the appropriate analog channel as shown below. 



Select 

ANO 

Vref 
AN2-AN5 
AN6-AN11 



Hexadecimal Add rare (A3 = MSB) 


1 

2-5 
6-B 

C-F 



Start A/D Conversion (SC) - When the SC bit is set to a 
logical 1 . an A/D conversion on the specified analog channel 



will begin immediately after the completion of the control 
register write 

Unused Bits (X) - Bits 4-7 and 9-15 of the ADC Control 
Register are not used internally. 



NOTE: A 16-bit control register write is required to change 
the analog multiplexer address. However, 8-bit writes to the 
MC14442 can be used to initiate an A/D conversion if the 
analog MUX is already selecting the desired channel. This is 
useful when repeated conversions on a particular analog 



MC14442 ANALOG DATA REGISTER 
(Read Only) 



EOC 























R7 


R6 


R5 


R4 


R3 


R2 


R1 


RO 


IMSB) 














ILSBI 


(MSBI 














ILS8) 



-Most Significant Byte- 
8-Bit Read 



-Least Significant Byte- 



A/D Result (R0-R7) - The LS byte of the analog data 
register contains the result of the A/D conversion. R7 is the 
MSB, and the converter follows the standard convention of 
assigning a code of $FF to a full-scale analog voltage. There 
are no special overflow or underflow indications. 

A/D Status (EOC) - The A/D status bit is set whenever a 
conversion is successfully completed by the ADC. The status 



bit is cleared by either an 8-bit or a 16-bit MPU write to the 
ADC control register. The remainder of the bits in the MS 
byte of the analog data register are always set to a logical 
to simplify MPU interrogation of the ADC status. For exam- 
ple, a single M6800 TST instruction can be used to determine 
the status of the A/D conversion 



MC14442 DIGITAL DATA REGISTER 
(Read Only) 



15 



-Most Significant Byte- 
- 8-Bit Read 



-Least Significant Byte- 



- 16-Bit Read- 



Logical Zero (0) - These bits are always read as logical 
zero. 

Analog Multiplexer Address ( A0-A3) - The number of the 
analog channel presently addressed is given by these bits. 



Shared Digital Port (P0-P5I - The voltage present on 
these pins is interpreted as a digital signal and the corres- 
ponding states are read from these bits. 

WARNING: A digital value will be given for each pin even 
if some or all of the pins are being used as analog inputs. 
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ANALOG SUBSYSTEM 

(See Block Diagram) 



General Description 



The analog subsystem of the MC14442 is composed of a 
12-channel analog multiplexer, an 8-bit capacitive DAC 
(digital-to-analog converter), a chopper-stabilized com- 
parator, a successive approximation register, and the 
necessary control logic to generate a successive approxima- 
tion routine. 

The analog multiplexer selects one of twelve channels and 
directs it to the input of the capacitive DAC. A fully- 
capacitive DAC is utilized because of the excellent matching 
characteristics of thin-oxide capacitors in the silicon-gate 
CMOS process. The DAC actually serves several functions. 
During the sample phase, the analog input voltage is applied 
to the DAC which acts as a sample-and-hold circuit. During 
the conversion phase, the capacitor array serves as a digital- 
to-analog converter. The comparator is the heart of the 
ADC; it compares the unknown analog input to the output of 
the DAC, which is driven by a conventional successive- 
approximation register. The chopper-stabilized comparator 
was designed for low offset voltage characteristics as well as 
Vqq and Vgs power supply r 

Device Operation 

An A/D conversion is initiated u , . 
the SC bit of the ADC control register. 




2 enable clock cycles for the write into the control register 
even if only one byte is written. In this case, the second E 
cycle does not affect any internal registers. During the next 
12 V4 enable cycles following a write command, the analog 
multiplexer channel is selected and the analog input voltage 
is stored on the sample and hold DAC. It is recommended 
that an input source impedance of 10 Kfl or less be used to 
allow complete charging of the capacitive DAC. 

During cycle 13 the A/D is disconnected from the 
multiplexer output and the successive approximation A/D 
routine begins. Since the analog input voltage is being held 
on an internal capacitor for the entire conversion period, it is 
required that the enable clock run continuously until the A/D 
conversion is completed. The new 8-bit result is latched into 
the analog data register on the rising edge of cycle 32. At this 
point the end of conversion bit (EOCI is set in the analog 
data register MS byte. (See Figure 3, A/D Timing 
Sequence.) 

NOTE: The digital data register or the analog data register 
may be read even if an A/D conversion is in progress. If the 
analog data register is read during an A/D conversion, valid 
results from the previous conversion are obtained- However, 
be clear (logic 0) if an A/D conversion is in 



the EOC bit will t 
oroaress 



R/W 



FIGURE 3 - 

MPU Write 
To ADC 
Control 
Register 

I— II 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 

jirLwinnjiJuinnnjuuuuu^ 





Sample Analog Input 
-(Input Should BeStablel- 



-SAR A/D Conversion- 



c-s 7ZL 



RSI 

Analog Data 
Register (R0-R7 
and EOC) " 



w 



[////////////////////////////// 



WMMZZZMZMMZZ 



'//////////////////77777) 7T/ 



Valid Data From Previous Co 



ZZS2 



New 
Data 

■ Valid. 

EOC— 1 
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FIGURE 4 - TYPICAL MC14442 APPLICATION IN A CLIMATE CONTROLLER 
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MOTOROLA 



MC14443 
MC14447 



ANALOG-TO-DIGITAL CONVERTER 
LINEAR SUBSYSTEM 

The MC14443 and the MC14447 are 6-channel, single-slope, 8-10 bit 
analog-to-digital converter linear subsystems for microprocessor- based 
data and control systems. Contained in both devices are a one-of-8 
decoder, an 8-channel analog multiplexer, a buffer amplifier, a precision 
voltage-to-current converter, a ramp start circuit, and a comparator. 
The output driver of the MC14443's comparator is an open-drain 
N-channel which provides a sinking current. The output driver of the 
MC14447's comparator is a standard B-Series P-Channel, N-Channel 
pair. 

A processor system (such as the MC141000 or MC146805) provides 
the addressing, timing, counting, and arithmetic operations required for 
implementing a full analog- to-digital converter system. A system made 
up of a processor and the linear subsystem has features such as 
automatic zeroing and variable scaling (weighting) of six separate 
analog channels 

• Quiescent Current 0.8 mA Typical at Vdq = 5 V 

• Single Supply Operation +4.5 to + 18 Volts 

• Direct Interface to CMOS MPUs 

• Typical Resolution - 8 Bits 

• Typical Conversion Cycle as Fast as 300 /ts 

• Ratio Metric Conversion Minimizes Error 

• Analog Input Voltage Range: Vgs to VqD - 2 V 



• Chip Complexity. 



MC14443 
MC14447 



150 FETs 

151 FETs 



MSI 

(LOW-POWER COMPLEMENTARY MOSI 

MICROPROCESSOR-BASED 
ANALOG-TO-DIGITAL 
CONVERTER 




P SUFFIX 

PLASTIC PACKAGE 
CASE 648 

ORDERING INFORMATION 

HC14XXX T Suffix Denotes 



P Plastic 



Package 



BLOCK DIAGRAM 



Ch2 

Ch3 

Ch4 

Ch5 

Ch6 

Ref 
Voltage 



13 



Ramp Start 

. a Ramp Cap; 



1 



~ Output 



6 Ref Current 
Set 



V DD - Pin 14 
V SS = p,n 5 



PIN ASSIGNMENT 



A1 AO 
A2 Ch 1 

Ramp Start V DD 
Ramp Cap Ch2 
V SS Ch3 
Ref Current Ch4 
Comp Out Ch 5 
Ref Voltage Ch6 



J 16 
115 



1 13 
) 12 
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MAXIMUM RATINGS (Voltages referenced to Vss' 



Rating 


Symbol 


Value 


Unit 


DC Supply Voltage 


VDD 


-0.5 to + 18 


V 


Input Voltage, All Inputs 


Vin 

v in 


-0 5 to VrjD + 0.5 


V 


DC Input Current, per Pin 


l,n 


±10 


mA 


Operating Temperature Range 


T A 


- 40 to +85 


°C 


Storage Temperature Range 


T stg 


-65 to +150 


°C 



This device contains circuitry to protect 
the inputs against damage due to high 
static voltages or electric fields, however, 
it is advised that normal precautions be 
taken to avoid application of any voltage 
higher than maximum rated voltages to 
this high impedance circuit. For proper 
operation it is recommended that Vj n and 
V out be constrained to the range V$s * 
fV in orV out )<V DD . 



ELECTRICAL CHARACTERISTICS (Voltage Referenced to V S S 











vdd 


-40°C 


25 °C 


85 °C 




Characteristic 






Symbol 


V 


Min 


Max 


Min 


Typ 


Max 


Min 


Max 


Unit 


Output Voltage- Comparator 


'0" 


Level 


vol 


5.0 


_ 


0.05 


_ 


0.01 


06 


_ 


05 


V 


Vj n @ Pin 4 = V 








10 


_ 


0.05 


_ 


0.01 


005 


_ 


0.06 










15 


_ 


0.05 


_ 


0.01 


005 


_ 


0.05 




V in @Pin4=1.0V 


"1" 


Level 


v h 


50 


4 95 




4 95 


4.99 




4 95 




V 


< R pullup = 10 W- MC14443 only) 








10 


9.96 




9.95 




_ 


9.96 












15 


14.95 




14.95 


14 99 


_ 


14.95 


_ 




Input Voltage- Address, Ramp Start 


"0" 


Level 


VlL 


















V 


IV O = 4.5or0.5VI 








5.0 




1 5 




2 25 


1.5 




15 




IVo = 9.0 or 1.0 VI 








10 




3.0 


_ 


4.50 


30 




30 




IV =13 5or 1.5 VI 








15 


- 


40 


- 


6.75 


4 




4 




"1" 


Level 


VlH 


















V 


<V o = 0.5or4.5VI 








5.0 


3.5 


- 


3.5 


2.75 


- 


3 ■ 


- 




(V O =10or9.0 V) 








10 


7.0 


- 


7.0 


5.50 


- 


7.0 


- 




IV =15or 13.5 VI 








15 


11.0 




110 


8.26 


- 


110 


- 




Output Drive Current -Comparator 






lOH 


















mA 


V jn @ Pin 4= 1.0 V IMC14447 only) 


























IV H = 2.5 VI 








5.0 


- 2.5 




-2.1 


-4.2 




- 1.7 






IV H=4.6 VI 








5.0 


— 0.52 
















IV 0H =9.5 VI 








10 


— 1 3 




— 1 1 


— 2 25 




- 9 






(V H=13.5 VI 








15 


j-3_6_ 




~ 3 ° 


— 8 8 




— 2 4 






V in @ Pin 4 = V 






Iql 


















mA 


(V O L = 0.4 VI 








5.0 


52 




44 


88 




36 






(Vql = 0.5 VI 








10 


1 .3 
















(v 0L =1.5 vi 








15 


3.6 




3 


8.8 




2.4 






Input Current— Address. Ramp Start 


l,n 


15 










+ 03 




+ 1 


«A 


Input Current- Analog Inputs 


lin 


15 








±0.1 


±50 






nA 


Input Capacitance- Address, Ramp Start 






C,„ 


15 


— 


— 


- 


5.0 


7 5 


— 


— 


pF 


V,n = 0V 


























Quiescent Current 






— | 

'DD 


5 


- 


- 


- 


08 


1.5 


- 


- 


mA 










10 




- 




1 5 




— 


- 












15 


- 




- 


1 .7 


3 


— 






Crosstalk Between Any Two Input Channels 


v Cr 




- 


- 


- 





4 


- 


- 


mV 


Reference Current Range 


|R 








10 


- 


50 


- 


- 


jiA 


Channel Input Voltage Range 






VAI 


5 











30 






V 










10 











8.0 
















15 











13 








Buffer Amplifier Output Offset 






vbo 


5 








0.285 








V 










10 








0.400 


















15 








0.420 










Comparator Threshold 






v T c 


5 









195 


vbo 






V 










10 









275 


vbo 
















15 








0.290 


vbo 








Reference Voltage Range 






vr 


5 






2.0 




30 






V 










10 






20 




80 
















15 






2.0 




13.0 








Conversion Linearity 






LC 


















% Full 


C>100pF, V A | = 0to2.5V, V ref =2.5V 








5 










0.5 






Scale 


V A | = 0to7.0V, V ref =7.0V 








10 










0.5 








V A , = to 12 V. V re ,= 12 V 








16 










06 
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SWITCHING CHARACTERISTICS <C L - 50 pF.T A ■ 25°CI 



• • 

Characteristic 


oymooi 


VDD 

V 


Min 


Typ 


Max 


Unit 


Output Rise Time— Comparator (MC14447 only) 


t TLH 


5.0 




120 


240 


ns 






10 




75 


150 








15 




65 


130 




— 

Output Fall Time — Comparator 


»THL 


5.0 




250 


500 




10 




350 


700 








IS 




650 


1300 




Propagation Delay Time— Comparator MC 14443 


'PLH 


5.0 




550 


1100 


ns 


(R|_ = 10 k to Vdd) 




10 




500 


1000 








15 


_ 


550 


1100 






— ; 1 


5.0 




350 


700 


nt 






10 


_ 


300 


600 








15 




300 


600 




MC14447 


l PLH 


5.0 


_ 


600 


1200 


ns 






10 


- 


475 


950 








15 


- 


500 


1000 






»PHL 


5.0 


_ 


450 


980 


ns 






10 




540 


1080 








15 




750 


1500 




Multiplexer Propagation Delay 


•M 


5.0 




180 


360 


ns 






10 




125 


266 








15 




110 


220 




Ramp Start Delay Time 


TS 


5.0 




40 


80 


m 






10 




25 


50 








15 




20 


40 




Acquisition Time* 


<A 


6.0 




30 


60 


lis 


C= 1000 pF 




10 




15 


30 




R ref = 100 kO 




15 




14 








• Acquisition Time includes multiplexer propagation delay, ramp start propagation delay and the time required to charge ramp capacitor to 
the selected input voltage. 



PIN DESCRIPTIONS 



A2, A1, AO, ANALOG MUX ADDRESS INPUTS (PINS 2, 

1, 161 — These inputs determine the input voltage source to 
be presented to the measurement system according to the 
Truth Table shown in Figure 2. 

Ramp Start, RAMP START (PIN 3) - When Ramp Start 
is low, the ramp capacitor is charged to a voltage associated 
with the selected input channel. When Ramp Start is 
brought high, the connection to the input channel is broken 
and the capacitor begins to ramp toward Vgs See Figure 4. 

Ramp Cap, RAMP CAPACITOR (PIN 4) - The ramp 
capacitor is used to generate a time period when discharged 
from a selected voltage via a precise reference current. A 
polystyrene or mylar capacitor is recommended. The value 
should be a 100 pF so that the board and stray capacitances 
• have negligible effects. Large values of capacitance with the 
associated large leakage currents are not recommended 
because the leakage current must be insignificant in com- 
parison to the minimum reference current (10 /iA). 

Vss. NEGATIVE POWER SUPPLY (PIN 5) - This is 
system ground. 



Ref Current, REFERENCE CURRENT (PIN 6) - To 

discharge the ramp capacitor, the reference current is fixed 
via a resistor (R re fl to a positive supply from Pin 6. Typical 
current is equal to (Vqd- Vrefl/Rref 

Comp Out, COMPARATOR OUTPUT (PIN 7) - This out- 
put is low when the capacitor has reached the discharged 
voltage and is high otherwise. The MC14443 requires a pull- 
up resistor on Pin 7 due to the open-drain configuration. The 
MC14447 does not require a pull-up resistor. 

Ref Voltage, REFERENCE VOLTAGE (PIN 8) - This is the 
known voltage to which the unknown is compared. 

INPUT CHANNELS (PINS 9, 10, 11, 12, 13, 15) - Input 
channels 1 through 6 are used to monitor up to six separate 
unknown voltages. Selection is via the address inputs. 

Vqd, POSITIVE POWER SUPPLY (PIN 14) - This pin is 
the package positive power supply pin. 
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FIGURE 1 - VOLTAGE TO PULSE WIDTH CONVERSION 

Voltage 



Reference Voltage* IV R + V BO J 



Unknown Voltage* IV X + V BO ) 

Voltage at V Input* (V o> 
Comp Ref (V TC ) 

'Voltages measured at pin 4 
with ramp start low. 




lv BO>count " 
< V X * "sO-count" 'X 
lv R * v BO>count " 'R 
' v R)count " IR - to 
< v X>count " 'X " '0 



<0 



' v X>count . 'X - '0 
l v R>count <R " '0 

'VxIc-IVbIc^^ 



FIGURE 2 - TRUTH TABLE 



A2 


A1 


AO 


Input Selected 











v S s 


Channel (ground) 








1 


Ch1 


Channel 1 





1 





Ch2 


Channel 2 





1 


_ 1 


Ch3 


Channel 3 


1 








Ch4 


Channel 4 


1 





1 


Ch5 


Channel 5 


1 


1 





Ch6 


Channel 6 


1 


1 


1 


Vref 


Channel 7 (External Reference) 



FIGURE 3 - TYPICAL APPLICATIONS CIRCUIT 



Address Lines I 
from the 
Microprocessor 



Ramp start — 
from the 
Microprocessor 

Comparator 
Output to — 
Microprocessor 



R2^ 



Ramp Capacitor 

—It 



O U 12 



- Channel 1 

■ Channel 2 

■ Channel 3 
Channel 4 
Channel 5 

■ Channel 6 



Unknown 
Analog 
Voltage 
Inputs 



FIGURE 4 - SOFTWARE FLOW 
(CONVERSION SEQUENCE) 



Step No. 


A2 


A1 


AO 


Ramp Start 


Comment 


1, 


1 


1 


1 





Channel 7 Selected (Reference Voltage} 


2. 


1 


1 


1 


1 


Record time until Pin 7 goes low 


3. 














Channel Selected (Ground) 


4. 











1 


Record time until Pin 7 goes low 


5. 








1 





Channel 1 Selected 


6. 








1 


1 


Record time until Pin 7 goes low 






Calculate t C h7 - 'ChO 


= l Ch7' Step 2-Step 4 






Calculate t ch1 -t C hO 


= l Chl' Step 6-Step 4 








Calculate V unknomrl 


" v Ch7l'Chl''<Ch7'l* 


7. 





1 








Channel 2 Selected 


8. 





1 





1 


Record time until Pin 7 goes low 










Calculate t-*h2 


-'ChO * 'Ch2' 








Calculate V unknovvn 


= v ch 7 lt ch2 '/t ch7 ')t 


etc. 



•Weighting of the analog signal on Channel 1. 
"•"Weighting of the analog signal on Channel 2. 
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MC14444 



ANALOG-TO-DIGITAL CONVERTER (ADC) 

The MC14444 ADC is a 40-pin bus-compatible 8-bit A/D converter 
with additional digital I/O capability. The device operates from a single 
5 V supply and provides direct interface to the MPU data bus used with 
all Motorola M6800 family parts- It performs an 8-bit conversion in 32 
machine cycles at 1 MHz and allows for up to 15 analog inputs. In addi- 
tion, the part has a 3-bit digital I/O port and can accept up to 9 digital 
inputs. Six of these inputs are designed to be either analog or digital 
inputs. All necessary logic for software configuration, channel selec- 
tion, conversion control, bus interface and maskable interrupt capability 
is included. 

• Direct Interface to M6800 Family MPUs 

• Dynamic Successive Approximation A/D 

• 32 its Conversion at fff = 1.0 MHz 

• Ratiometric Conversion 

• Completely Programmable 

• Polled or Interrupt Driven Operation 

• 3 Dedicated Digital Inputs 

• 3-Bit Digital I/O Port 

• 9 Dedicated Analog Inputs 

• 6 Inputs Usable for Either Analog or Digital Signals 



(LOW-PO^/^ XGATE 

comp^ V Vmosi 

MICROPRfl^VyCOMPAT 
ANALOQ/j^r . 



rAL CONVERTER 



P SUFFIX 

PLASTIC PACKAGE 
CASE 711 



Completely TTL Compatible Inputs at Full 
Voltage of 5 V ± 10% 



Spa 



Suffix Denotes 
Ceramic Package 
Plastic Package 



CK DIAGRAM 

vag mo 



Vref 



Comparator 
r (Chopper Stabilized) 



8- Bit 
Capacitive 
Ladder 
DAC 



Control 
Register 
(Write Only) 



Bus 
Control 
Logic 



Analog 

Data 
Register 
(Read Only) 



-fi- 



PO-5 
-t- 6 



Digital 
Data 
Register 
(Read Onlyl 



. '8 
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MC144110/1 



QUAD & HEX D/A CONVERTERS 

The MC 144110 and MC 144111 are hex and quad static, D/A 
converters realised in CMOS technology. Each converter, featuring 
6-bit resolution, consists of a 6-bit shift register, 6-bit latch and a 
static D/A converter. 

• 4/6 direct R-2R network outputs 

• 4/6 emitter follower outputs 

• MPU compatible input levels 

• Serial data input 

• Data cascade output 

• Wide operating voltage range of 4.5 to 15 Vdc 











FIGURE 1 


- PIN ASSIGNMENTS 
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1 




11 
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-v DD 




*m - 


2 




17 


— D OUT 
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— D OUT 
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E F2 - 
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-E M 
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5 




14 


— R N5 


R N2 — 


S £ 10 


— R N3 




Era - 


6 


u 


13 


— Ef5 


m — 


6 9 


-Era 




R N3 — 


7 




12 


— R N4 


vss — 


7 > 


-C L 




EN _ 


• 




11 


-EF4 




















v S s — 


t 




10 
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CMOS 



QUAD & HEX 
D/A CONVERTERS 




MC 144111 

PLASTIC PACKAGE 
CASE 646 (TO- 116) 



MC144110/1 



MAXIMUM RATINGS (T A = 25 °C> 



Rating 


Symbol 


V.lu. 


Unit 


DC Supply Voltage 


V DD 


t 18 to - 0.5 


Vdc 


Input Voltage, All Inputs 


V in 


- 0.5 to V DD + 0.5 


Vdc 


Input Current, All Inputs 


'in 


10 


mAdc 


Operating Temperature Range 


T A 


to + 85 


°C 


Storage Temperature Range 


T s«g 


-65 to + 150 





This device contains circuitry to protect 
the inputs against damage due to high static 
voltages or electric fields; however, it is 
advised that normal precautions be taken 
to avoid application of any voltage higher 
than maximum rated voltages to this high 
impedance circuit. For proper operation it 
is recommended that V in and V Qut be 
constrained to the range V ss «S (V jn or 

Vout' < ^DO- 



SWITCHING CHARACTERISTICS (T A = . . . 85 °C) 



Characteristics 


Conditions 


Symbol 


Mm 


Typ 


Max 


Unit 


Clock high time 


v DD = 5V 


«CH 


2 


0.2 




MS 




V DD = 10V 




1.5 






US 




V DD =15V 




1 


0.1 




ms 


Clock low time 


V DD = 5V 


«CL 


5 


1.5 




ms 




v DD = 10V 




3.5 






US 




V DD - 15V 




2 


0.5 




"S 


Enable lead time 


V DD = 5V 


'Elead 


5 


1.5 




US 




v DD = 10V 




3.5 






US 




V DD = 15V 




2 


0.5 




US 


Enable lag time 


V D D = 5V 


«Elag 


5 


1.5 




us 




v DD = 10V 




3.5 






US 




V DD = 15V 




2 


0.5 




US 


Data Set-up time 


V DD = 5V 


'Dsup 


1 


0.1 




(is 




v 0D = 10V 


0.75 






us 




V DD = 15V 




0.5 







US 


Data Hold time 


V DD = 5V 


'Dhold 


5 


1.5 




MS 




v DD = 10V 




3.5 






US 




V DD = 15V 




2 


0.5 




MS 


Clock rise time 




^rise 






2 


MS 


Clock fall time 




'Cfall 






2 


MS 
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ELECTRICAL CHARACTERISTICS <T A = - 85 °C, V DD = 4.5 - 15V) 



Characteristic 


Pin' 


Symbol 


Min 


Typ 


Max 


Unit 


DC Supply Voltage 




18 




4.5 




15 


V DC 


DC Supply Currant 


MC 144110 


(141 


'do 






12 


mA DC 




MC 144111 










8 


roA DC 


Input low I aval 




1,8, 10 


D IN 






0.8 


V 


High level 


V = 5V 
DD 


(1,6. 8) 


CL 


3.0 






V 




Vnr» = 10V 
DD 




En 


3.5 






V 




V DD = 15V 






4.0 






V 


Currant 


V|N=V DD 




'in 






1 


«A 


Output Sink 


V QL = 0.5V 


17 


'OL 


200 






fA 


Source 


V OH = V DD -0.5V 


(13) 


'oh 


-200 






'dA 


D/A Characteristic* 
















Network Resistance 






R 


7 


10 


15 


kn * 


Precision 




3.5. 7.12 












(wx..,V RN = V 


DD/2 1 V DD = 5V 


14, 16 


v nonl 2 




20 


100 


mV 




v OD =iov 


(3. 5, 10, 








200 


mV 




V D0 =15V 


12) 






120 


300 


mV 


Step Size 3 








-75* 


V DD /64 


+ 75% 




MC 144110 
















NPN Emitter Follower Current Gain 














l E = 0.1 -10mA at2S°C 


2, 4, 6, 


h< 
fa 


40 


100 






Emitter leakage Currant V RN m OV 


11. 13 








10 


MA 


V BE tigs 1mA 






V BE 


0.4 




0.7 


V 


Max Dissipation 




15 












per output 


T Am« = 85°C 




P E 






10 


mW 


ail 6 outputs 






Etot 






25 


mW 


per output 


T Amax =70°C 




P E 






30 


mW 


all 6 outputs 






P Etot 






100 


mW 


MC 144111 
















NPN Emitter Follower Current Gain 


2. 4, 9, 












l E = 0.1 -10mA at25°C 


11 


h f. 


40 


100 






Emitter Leakage Current V RN = 0V 










10 


nA 


V BE 'e = 1mA 
Max Dissipation 






V BE 


0.4 




0.7 


V 


par output 


T Amax - 85 °C 




P E 






20 


mW 


all 4 outputs 






P Etot 






50 


mW 


per output 


T Am« = '°°C 




P E 






50 


mW 


all 4 outputs 






P Etot 






150 


mW 



1 Pin numbers in brackets refer to MC 1441 1 1 

2 See Figure 4 

3 See Figure 5 
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FIGURE 2a - SERIAL INPUT. POSITIVE CLOCK 
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FIGURE 2b - SERIAL INPUT, NEGATIVE CLOCK • 



EN 



CL 



<E LEAO 
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FIGURE 3 - BLOCK DIAGRAM 
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LATCH" MASTER ONLY 



LSB - SHIFTED LAST 
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FIGURE 4 - TRANSFER FUNCTION LINEARITY ERROR (V NONL ) 
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FIGURE 5 - DEFINITION OF STEP SIZE 



VRN 



STEP 
SIZE 




LINEARITY ERROR (integral linearity). A measure of 
how straight a device's transfer function is, it indicates the 
worst-case deviation of straightness of the actual transfer 
function from the ideal straight line. It is normally speci- 
fied in parts of an LSB. 



Step size = VDD± 0.75 V DD 
64 64 



DIGITAL NUMBER 



(For any adjacent pair of digital numbers) 



•OUTLINE DIMENSIONS 

PLASTIC PACKAGE 



CASE 7074)2 



CASE 646 




^1 



mm 


MILLIMETERS 


INCHES 


MIN 


MAX 


MIN 


MAX 


A 


2122 


2324 


0.675 


0.915 




6.10 


6.00 


240 


n~ 


E 


■w- 


UI 


0.155 


D.IN 





0.36 


006 


0.014 


0.022 


F 


i.H 


1.78 


0050 




S 


2.54 OSC 


0.19 




H 


1.42 


1.52 


0.040 


0.060 


1 


0.20 


0.30 


0.006 


0.012 


K 




3.43 


0.115 


0.135 


L 


-% 


BSC 


m 


Bt 


■ 


«• 


15° 


OP 


15» 


■ 


0.51 


1.02 


0.020 


0.040 



A A A A A A A 



V V V V V V V 




NOTES 

1 IE AOS W! TMIN 13 mm 
10 DOS) RADIUM Of TRUE 
POSITION AT SEATING 
PLANE AT MAXIMUM 
MATERIAL CONDITION 
(DIM G ) 

2 DIMENSION V TO CENTER 
OF LEAOS WHEN FORMED 
PARALLEL 



DIM 


MILLIMETERS 


INI 


HCS 


MIN 


MAX 


WIN 


MAX 


A 


18.16 


16.60 


0.716 


0740 


i 


6 10 


660 


0240 


0.260 


C 


4.06 


4.57 


0.160 


180 





036 


051 


O0I6 


0.020 


F 


1.02 


1 52 


0.040 


0.060 


I 


2.54 DSC 


010 


BSC 


M 


1 32 


183 


0052 


0.072 


i 


0.20 


030 


0.006 


0012 


K 


2.92 


3.43 


0115 


0.135 


L 


7.37 


787 


0290 


03lp 


M 




io» 




10" 


■ 


0.51 


1.02 


0020 


0.040 


1 


0.13 


0.36 


0.009 


0.015 


a 


0.51 


0.76 




0.030 
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Advance Information 

8-Bit A/D Converters 
With Serial Interface 

Silicon-Gate CMOS 



MC145040 
MC145041 



The MC145040 and MC145041 are low-cost 8-bit A/D Converters with serial inter- 
face ports to provide communication with microprocessors and microcomputers. 
The converters operate from a single power supply with a maximum nonlinearity of 
± '/4 LSB over the full temperature range. No external trimming is required. 

The MC145040 allows an external clock input (A/D CLK) to operate the dynamic 
A/D conversion sequence. The MC145041 has an internal clock and an end-of- 
conversion signal (EOC) is provided. 

• Operating Voltage Range: Vdd = 4 -5 to 5.5 Volts 

• Successive Approximation Conversion Time: 

MC145040 - 10 ^s (with 2 MHz A/D CLK) 
MC145041 — 20 /is Maximum (Internal Clock) 

• 11 Analog Input Channels with Internal Sample and Hold 

• 0- to 5-Volt Analog Input Range with Single 5-Volt Supply 

• Ratiometric Conversion 

• Separate V re f and Vag p i ns ' or Noise Immunity 

• Wide V re f Range 

• No External Trimming Required 

• Direct Interface to Motorola SPI and National MICROWIRE Serial Data Ports 

• TTL/NMOS-Compatible Inputs May Be Driven with CMOS 

• Outputs are CMOS, NMOS, or TTL Compatible 

• Very Low Reference Current Requirement 

• Low Power Consumption: 11 mW 

• Internal Test Mode for Self Test 

BLOCK DIAGRAM 




CERAMIC 
CASE 732 



PLASTIC 
CASE 738 



PLASTIC LEADED 
CHIP CARRIER (PLCC) 
CASE 775 

ORDERING INFORMATION 

MC14XXXX__ 



Suffix 

1 2.5 V < V ref s V DD 

2 V ref = V DD 

— P Plastic ( - 40 to + 85 °C) 

— L Ceramic (-55 to +125 "CI 
' — FN PLCC (-40 to + 85°C) 







vag 


1 14 




1 13 


8 BIT CAPACITIVE OAC 


WITH SAMPLE AND HOLD 









SUCCESSIVE APPROXIMATION 
REGISTER 



INTERNAL TEST WAG 
VOLTAGE OF 2 

°i 
D 011t 

CS 
SCLK 

A/0 CLK (MC145040 ONLY) 
EOC (MC145041 ONLY) 

MICROWIRE is a trademark of National Semiconductor. 

This document contains information on a new product. Specification and information herein are subject to change without notice. 



AUT0-ZER0E0 
COMPARATOR 




Voo-PIN 20 
V SS -PIN 10 
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MAXIMUM RATINGS* (For all product grades) 



Symbol 


Parameter 


Value 


Unit 


V DD 


DC Supply Voltage (Referenced to Vgg) 


— 0.5 to +7.0 


V 


v ref 


nr Qafarar>i~a \Jr\ltana 
\J\-, nQiaioiiLc vuiirjyti 


V*r to Vr\n + 1 


y 


V AG 


A nal/vi rr\t inH 
rM laioy ulUUllU 


Vec - 1 to Vmf 

¥ 5>o w - 1 lu w ret 


V 


Vin 


DC Input Voltage, Any Analog or Digital 
Input 


V SS '■ a 10 
V DD + 1.5 


V 


Vout 


DC Output Voltage 


V S s-0.5to 
Vdd + 05 


V 


'in 


DC Input Current, per Pin 


±20 


mA 


'out 


DC Output Current, per Pin 


±25 


mA 


iDD.iss 


DC Supply Cun-ent, Vqd a nd V SS pins 


±50 


mA 


T stg 


Storage Temperature 


-65 to +150 


°C 


T L 


Lead Temperature (8-Second Soldering) 


260 


°C 



•Maximum Ratings are those values beyond which damage to the device may occur. 
Functional operation should be restricted to the Operation Ranges below. 



This device contains protection circuitry to 
guard against damage due to high static voltages 
or electric fields. However, precautions must be 
taken to avoid applications of any voltage higher 
than maximum rated voltages to this high- 
impedance circuit. For proper operation, Vj n and 
V out should be constrained to the range Vss s 
(V in or V out ) < V DD . 

Unused inputs must always be tied to an 
appropriate logic voltage level (e.g., either Vss 
or Vqd.I Unused outputs must be left open. 



OPERATION RANGES (Applicable to Guaranteed Limits for all product grades) 



Symbol 


Parameter 


Suffix 


Unit 


L1 


L2 


P1, FN1 


P2, FN2 


VDD 


DC Supply Voltage (Referenced to Vssl 


4.5 to 5.5 


4.5 to 5.5 


4.5 to 5.5 


4.5 to 5.5 


V 


Vref 


DC Reference Voltage (Note 1) 


V A G + 2.5 toV DD 


VDD 


v A g +2-5 to v D d 


vdd 


V 


VAG 


Analog Ground (Note 1) 


V SS to Vref -2.5 


vss 


VSS to Vref "2.5 


vss 


V 


vai 


Analog Input Voltage (Note 2) 


VAG to V rBf 


Vag to v re , 


VAG to V rBf 


VAG to V rBf 


V 


Vin. V out 


Digital Input Voltage, Output Voltage 


Vss to V DD 


Vss to Vdd 


Vss to Vdd 


Vss to vdd 


V 


T A 


Operating Temperature 


-55 to +125 


-55 to +125 


-40 to +85 


-40 to +85 


°c 



NOTES: 

1 . Reference voltages down to 1 .0 V (V re f - V A G = 1 V) are functional, but the A/D Converter Electrical Characteristics are not guaranteed. 

2. V S ssV A |<V A G produces an output of $00 and V re f<VA|sV D D produces an output of SFF. See V A G »nd Vref P'" descriptions. 



PIN ASSIGNMENTS 



AN3 [ 

AN4 [ 

ANS [ 6 

AN6 C 7 

AN7 [ 



n n n n n 

3 2 1 20 19 



9 10 11 12 13 



] SCLK 
17 ] Din 
16 ] Oout 

15 ] E5 
'« ] v„t 



ANO [ 1 

AN1 [ 2 

AN2 [ 3 

AN3 [ 4 

AN4 [ 5 

ANS [ 6 

AN6 [ 7 

AN 7 [ 8 

ANS [ 9 

V S S C 10 



1 vdd 

] * 

] SCLK 

] Din 

) Oout 

] £5 

14 ) V„, 

13 ] V AG 

12 ] AN10 

11 ] AN9 



♦NOTE: 
A/D CLK (MC145040) 
EOC (MC145041) 
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DC ELECTRICAL CHARACTERISTICS 

(Voltages Referenced to Vss, Full Temperature and Voltage Ranges Per Operation Ranges Table) 



Symbol 


Parameter 


Test Conditions 


Guaranteed 
Limit 


Unit 


V|H 


Minimum High-Level Input Voltage 
(D in , SCLK, CS, A/D CLK) 




2.0 


V 


V|L 


Maximum Low-Level Input Voltage 
(D in , SCLK, CS, A/D CLK) 




0.8 


V 


V H 


Minimum High-Level Output Voltage (D out ) 
IEOCI 

(D out , EOC) 


l out =-200j«A 
l out = -100,,A 
'out = -20 ^ A 


2.4 
2.4 

Vdd-o.1 


V 


VOL 


Maximum Low-Level Output Voltage (D ou t) 
(EOC) 

(D ou t. EOC) 


l ut= + L6mA 
lout= + 1-OrnA 
l out = 20 iiA 


0.4 
0.4 
0.1 


V 


■in 


Maximum Input Leakage Current 
(D in , SCLK, CS, A/D CLK) 


Vin = VsS or VDD 


±2.5 


•A 


ioz 


Maximum Three-State Leakage Current (D out ) 


Vout = Vss 0' v DD 


±10 


■A 


!DD 


Maximum Power Supply Current 


v in = V SS or V DD. A " Outputs Open 
MC145040: A/D CLK = 2 MHz 


2 


mA 


W 


Maximum Static Analog Reference Current (V re fl 


V re f = V D D 
VAG = V SS 


10 


MA 


lAI 


Maximum Analog Mux Input Leakage Current 
between all deselected inputs and any selected 
input. (AN0-AN10) 


V AI = V SS to V DD. LI and L2 Suffix 
P1.P2, FN1, FN2 Suffix 


±1000 
±400 


nA 



A/D CONVERTER ELECTRICAL CHARACTERISTICS 

(MC145040: 1 MHz sA/D CLK <2 MHz, Full Temperature and Voltage Ranges Per Operation Ranges Table) 



Characteristic 


Definition and Test Conditions 


Guaranteed 
Limit 


Unit 


Minimum Resolution 


Number of bits resolved by the A/D 


8 


Bits 


Maximum Nonlinearity 


Maximum deviation from the best straight line through the A/D 
transfer characteristic 


± v, 


LSB 


Maximum Zero Error 


Difference between the output of an ideal and an actual A/D for zero 
input voltage 


± M 


LSB 


Maximum Full-Scale Error 


Difference between the output of an ideal and an actual A/D for full- 
scale input voltage 


± Vi 


LSB 


Maximum Total Unadjusted 
Error 


Maximum sum of Nonlinearity, Zero Error, and Full-Scale Error 


± % 


LSB 


Maximum Quantization Error 


Uncertainty due to converter resolution 


± H 


LSB 


Absolute Accuracy 


Difference between the actual input voltage and the full-scale 
weighted equivalent of the binary output code, all error sources included 


±1 


LSB 


Maximum Conversion Time 


Total time to perform a single analog-to-digital conversion MC145040 

MC145041 


20 
20 


A/D CLK 
cycles 


Maximum Data Transfer Time 


Total time to transfer digital serial data into and out of the device 


8 


SCLK 
cycles 


Maximum Sample Acquisition 
Time 


Analog input acquisition time window 

MC145040: A/ D CLK = 2 MHz, SCLK = 1 MHz 
MC140541: SCLK = 1 MHz 


10 
16 


us 


Maximum Total Cycle Time 


Total time to transfer serial data, sample .the analog input, and 
perform the conversion 

MC145040: A/D CLK = 2 MHz, SCLK=1 MHz 

MC145041: SCLK = 1 MHz 


24 
40 




Maximum Sample Rate 


Rate at Which Analog Inputs May be Sampled 
MC145040: A/D CLK = 2 MHz, SCLK=1 MHz 
MC145041: SCLK = 1 MHz 


41 
25 


kHz 
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AC ELECTRICAL CHARACTERISTICS (t r = tf = 6 ns. Full Temperature and Voltage Ranges Per Operation Ranges Table) 



Figure 


Symbol 


Parameter 


Guaranteed 
Limit 


Unit 


1 


f 


Maximum Clock Frequency (50% Duty Cycle), SCLK 


1.1 


MHz 


1 

(same as 
SCLK) 


f 


Clock Frequency (50% Duty Cycle), A/D CLK (MC145040I 


Minimum 
Maximum 


1.0 
2.1 


MHz 


1 -j 


*PLH. 'PHL 


Maximum Propagation Delay, SCLK to D out 


400 


ns 


1,7 




Minimum Hold Time, SCLK to D ou t 


10 


ns 


2,7 


'PLZ. IPHZ 


Maximum Propagation Delay, CS to D out 


150 


ns 


2,7 


«PZL. »PZH 


Maximum Propagation Delay, CS to D out 


MC145040 
MC145041 


3 A/D CLK cycles 


+ 400 ns 

flS 


3 


l su 


Minimum Setup Time, Dj n to SCLK 


400 




3 


t u 


Minimum Hold Time, SCLK to Dj n 


o 




4,7,8 


«d 


Maximum Delay Time, EOC to D out (MSB) 


MC145041 


400 


ns 


5 


«su 


Minimum Setup Time, CS to SCLK 


MC145040 
MC145041 


3 A/D CLK cycles 
3.8 


+ 800 ns 
0*1 


5 


th 


Minimum Hold Time, 8th SCLK to CS 





ns 


6,8 


<PHL 


Maximum Propagation Delay, 8th SCLK to EOC 


500 


ns 


1 


«r. tf 


Maximum Input Rise and Fall Times, Any Digital Input 


100 


ns 


1,4,6,7,8 


•tlh. Thl 


Maximum Output Transition Time, Any Output 


300 


ns 




Cin 


Maximum Input Capacitance ANO-AN10 

A/D CLK, SCLK, CS, D in 


55 
15 


pF 




c out 


Maximum Three- State Output Capacitance 


Dout 


15 


PF 
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PACKAGE DIMENSIONS 



g 



PLASTIC 
CASE 738-02 




DM 


MUM 


truts 


MC 


«s 


MM 


MAX 




MAX 


A 


25 65 


27 TB 


1010 




> 


6 10 


E.U 


240 




C 


3.94 


457 1 0156 


0180 


D 


038 


056 


0015 


022 


F 


uj 


1 78 


0050 


070 


G 


2S4 


BSC 


010C 


BSC 


J 


o» 


038 


008 


0015 


« 


2 79 


35S 


0110 


OHO 


L 


JO BSC 


«» 


BSC 


in 


r is- 


0* 


'5 


N 


Oil 1 101 


0020 


040 



NOTES 

1 DIM |g IS DATUM 

2 POSITIONAL TOL FOR LEADS 
1»U025I0010)®1T| A®] 

3 (D IS SEATING PUNE 

4 DIM "B" DOES NOT INCLUDE MOLD FLASH 

5 DIM QT] TO CENTER OF LEADS WHEN FOAMED 
PARALLEL 

6 DIMENSIONING AND TOLERANONG PER ANSI 
YI4 5. 19J3 



AK 



7Y/1 



W ^ M 



CERAMIC 
CASE 732-03 




"^"JL. « l°h 





MILLIMETERS 


INCHES 


DIM 


MM 


MAX 


MIN 


MAX 


A 


2388 


25. IS 


WO 


990 [ 


_ B 


660 


749 


260 


o'm 


C 


381 


508 


0150 


200 





038 


abb 


0015 


022 


F 


140 


165 


055 


0065 1 


G 


254 


BSC 


0101 


BSC 


H 


051 


127 


020 


0.050 [ 


J 


20 


030 


008 


0012 


X 


318 


406 


0125 


0160 


L 


7 62 


BSC 


300 


esc 


■ 


r 


HT 


V 




N 


025 


T 02 


010 


0D4C 



NOTES 

1 LEADS WITHIN 25 mm 10 0101 WA TRUE 
POSITION AT SEATING PLANE. AT MAXIMUM 
MATERIAL CONDITION 

2 DIM L TO CENTER OF LEADS WHEN FORMED 
PARALLEL 

3 DIM A AND B INCLUDES MENISCUS 





NOTES: 

1 DIMENSIONS R AND U DO NOT INCLUDE MOLD 
FLASH 

2 DIMENSIONING AND TOLERANCING PEP. ANSI 
Y14.5M. 1S82 

3 CONTROLLING DIMENSION INCH 



PLASTIC LEADED 
CHIP CARRIER IPLCCI 
CASE 775 



DIM 


MILUft 


ETERS 


INC 


HES 




MAX 




MAX 


A 


9.7B 


10.02 


0.385 


0.395 


B 


978 


1002 


0.385 


0.395 


C 


4.19 


4.57 


0.165 


0.180 


D 


0.64 


101 


0.025 


0.040 


E 


2.16 


2.79 


0.085 


0110 


F 


033 


053 


0.013 


0.021 


G 


1.27 BSC 


0.05C 


BSC 


H 


0.66 


0.81 1 0.026 


032 


J 


0.13 


038 


005 


0.015 


K 


7 37 


8.38 


290 


0330 


1 


8.89 


9 04 


0.350 


356 


u 


8 89 


904 


0350 


356 


V 


1.07 


121 


0.042 


CMS 


w 


107 


121 


0042 


00*8 


X 


107 


'42 


042 


056 


Y 


0.00 


050 


000 


020 


AA 


2 34 


271 


088 


0107 
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SWITCHING WAVEFORMS 



SCLK 



°out 



^^08 /o. 8 \06 

"« 111 »f 

— *" \*~ 1 

04^ n , 0.4 



tTHL. tTLH- 



■ 'PLH. >PHL 



Figure 1 



-VALID- 



— \^ y — 

AtM A 



SCLK 



Figure 3 



cs 



"out 



2*2.0 



>PZH- 'PZL 



\ 0.4 



•PHZ. IPLZ 



Figure 2 



EDC 



"out 



04 I 



- <TLH 







"« — Id — *. 


'2.4 
r 0.4 




*■ VALID MSB -»> 



Figure 4 




SCLK 



Figure 5 



POINT 





"out . 










' — 


DEVICE 




>12 k - 




UNDER 




= 100 pf X 


TEST 









All diodes are silicon 

Figure 7. Test Circuit 



SCLK 



EOC 



0.8 



'THL — • 
Figure 6 



•PHL 
I.4 



DEVICE 
UNDER 
TEST 



EOC 



VDD 



TEST > 3 k 

POINT 
p 



: 50 pF 



All diodes are silicon 

Figure 8. Test Circuit 
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PIN DESCRIPTIONS 



DIGITAL INPUTS AND OUTPUTS 
CS (Pin 15) 

Active-low chip select input. CS provides three-state con- 
trol of D ou t- CS at a high logic level forces D ou t to a high- 
impedance state. In addition, the device recognizes the falling 
edge of CS as a serial interface reset to provide synchroniza- 
tion between the MPU and the A/D converter's serial data 
stream. To prevent a spurious reset from occurring due to 
noise on the CS input, a delay circuit has been included such 
that a CS signal of duration < 1 A/D CLK period JMC145040) 
or <500 ns (MC145041) is ignored. A valid CS signal is 
acknowledged when the duration is >3 A/D CLK periods 
(MC145040) or a3 ^s (MC145041). 

CAUTION 

A reset aborts a conversion sequence, therefore 
high-to-low transitions on CS must be avoided 
during the conversion sequence. 

D ut (P'n 16) 

Serial data output of the A/D conversion result. The 8-bit 
serial data stream begins with the most significant bit and is 
shifted out on the high-to-low transition of SCLK. D out is a 
three-state output as controlled by CS. However, D ou t is 
forced into a high-impedance state after the eighth SCLK, in- 
dependent of the state of CS. See Figures 9, 10, 11, or 12. 

D in (Pin 17) 

Serial data input. The 4-bit serial data stream begins with 
the most significant address bit of the analog mux and is 
shifted in on the low-tc-high transition of SCLK. 

SCLK (Pin 18) 

Serial data clock. The serial data register is completely 
static, allowing SCLK rates down to DC in a continuous or in- 
termittent mode. SCLK need not be synchronous to the A/D 
CLK (MC145040) or the internal clock (MC145041). Eight 
SCLK cycles are required for each simultaneous data transfer, 
the low-to-high transition shifting in the new address and the 
high-to-low transition shifting out the previous conversion 
result. The address is acquired during the first four SCLK 
cycles, with the interval produced by the remaining four cycles 
being used to begin charging the on-chip sample-and-hold 
capacitors. After the eighth SCLK, the SCLK input is inhibited 
(on-chip) until the conversion is complete. 

A/D CLK (Pin 19, MC145040 only) 

A/D clock input. This pin clocks the dynamic A/D conver- 
sion sequence, and may be asynchronous and unrelated to 
SCLK. This signal must be free running, and may be obtained 
from the MPU system clock. Deviations from a 50% duty 
cycle can be tolerated if each half period is > 238 ns. 



EOC (Pin 19, MC145041 only) 

End-of-conversion output. EOC goes low on the negative 
edge of the eighth SCLK. The low-to-high transition of EOC 
indicates the A/ D conversion is complete and the data is ready 
for transfer. 



ANALOG INPUTS AND TEST MODE 
ANO through AN10 (Pins 1-9. 11. 12) 

Analog multiplexer inputs. The input ANO is addressed by 
loading $0 into the serial data input, Dj n . AN1 is addressed by 
$1, AN2 by $2 . . . AN10 via $A. The mux features a break- 
before-make switching structure to minimize noise injection 
into the analog inputs. The source impedance driving these in- 
puts must be < 10 kSi. NOTE: $B addresses an on-chip test 
voltage of (V re f + Vag)/2, and produces an output of $80 if 
the converter is functioning properly. However, a ± 1 LSB 
deviation from $80 occurs in the presence of sufficient system 
noise (external to the chip) on Vdd. VSS. Vfef ' or Vag ' 



POWER AND REFERENCE PINS 
Vss and V DD (Pins 10 and 20) 

Device supply pins. Vss ' s normally connected to digital 
ground; Vqq is connected to a positive digital supply voltage. 
Vdd — Vss variations over the range of 4.5 to 5.5 volts do 
not affect the A/D accuracy. Excessive inductance in the Vqd 
or Vss lines . 85 on automatic test equipment, may cause A/D 
offsets > 54 LSB. 



Vag and V re f (Pins 13 and 14) 

Analog reference voltage pins which determine the lower 
and upper boundary of the A/D conversion. Analog input 
voltages 2V re f produce an output of $FF and input voltages 
— Vag produce an output of $00. CAUTION: The analog in- 
put voltage must be 2Vss and - V DD- T" e A/D conversion 
result is ratiometric to V re f — Vag as shown by the formula: 



„ [" output code ,, ... 1 quantizing linearity 

ln |_ $FF x ' V ref" VAG1J+ errQr + em)r 

V re f and Vag should be as noise-free as possible to avoid 
degradation of the A/D conversion. Noise on either of these 
pins will couple 1:1 to the analog input signal, i.e. a 20 mV 
change in V re f can cause a 20 mV error in the conversion 
result. Ideally V re f and Vag should be single-point connected 
to the voltage supply driving the system's transducers. 
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scu 




iCEZX 



J~L 



■ SAMPLE ANALOG INPUT - 



A3 
MSB 



• SHIFT IN NEW MUX ADDRESS, SIMULTANEOUSLY SHIFT OUT PREVIOUS CONVERSION VALUE 



RESET 



12 

■#- AID CLK 

CYCLES 



AID CONVERSION INTERVAL 
20 AID CLK CYCLES 



RESET 



Figure 9. MCI 45040 Timing Diagram 
Utilizing CS to Three-State D out 



N 



o 



SCLK 



_FL 



• SAMPLE ANALOG INPUT - 



A3Y///YA2X'//YA1 



'111- 



■ SHIFT IN NEW MUX ADDRESS, SIMULTANEOUSLY SHIFT OUT PREVIOUS CONVERSION VALUE 



12 
AID CLK 
CYCLES 



RESET TO 
INITIALIZE 



AID CONVERSION INTERVAL 
20 AID CLK CYCLES 



Figure 10. MC145040 Timing Diagram 
Not Utilizing CS. A/D Conversion Interval Controls Three-State 



NOTES: 

D7, D6, D5 . . . DO=The result of the previous A/D conversion. 
A3, A2, A1, AO = The mux address for the next A/D conversion. 
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SAMPU ANALOG INPUT - 



A2X///X*' 



EOC 



J 



SHIFT IN NEW MUX ADDRESS, SIMULTANEOUSLY SHIFT OUT PREVIOUS CONVERSION VALUE 



JON INTERVAL I 
IM — *\ 



AID CONVERSION INTERVAL | 
« <20, 



RESET 



Figure 11. MC145041 Timing Diagram 
Utilizing CS to Three-State D out 



cs 



SCLK 



Din 



JR. 



-SAMPLE ANALOG INPUT - 



A3Y//XA2 Y//^A1Y///XA0 



EOC 



w. 



A3 



SHIFT IN NEW MUX ADDRESS, SIMULTANEOUSLY SHIFT OUT PREVIOUS CONVERSION VALUE - 



-< 12 «s-*f 



A/0 CON VERSION IN TERVAL 

' < 20 /is 



RESET TO 
INITIALIZE 



Figure 12. MC145041 Timing Diagram 
Not Utilizing CS, A/D Conversion Interval Controls Three-State 



NOTES: 

D7, D6, D5 . . . DO = The result of the previous A/D conversion. 
A3, A2, A1, AO=The mux address for the next A/D conversion. 



MC1 45040/1 



APPLICATIONS INFORMATION 



DESCRIPTION 

This example application of the MC145O40/MC145041 
ADCs interfaces three controllers to a microprocessor and 
processes data in real-time for a video game. The standard 
joystick X-axis (left/ right) and Y-axis (up/down) controls as 
well as engine thrust controls are accommodated. 

Figure 13 illustrates how the MCI 45040 -'MCI 45041 is used 
as a cost-effective means to simplify this type of circuit design. 
Utilizing one ADC, three controllers are interfaced to a CMOS 
or NMOS microprocessor with a serial peripheral interface 
(SPI) port. Processors with National Semiconductor's 
MICROWIRE serial port may also be used. Full duplex opera- 
tion optimizes throughput for this system. 

DIGITAL DESIGN CONSIDERATIONS 

Motorola's MC68HC05C4 CMOS MCU may be chosen to 
reduce power supply size and cost. The NMOS MCUs may 
be used if power consumption is not critical. A VrjD to Vss 
0.1 /xF bypass capacitor should be closely mounted to the 
ADC. 

Both the MC145040 and MC145041 will accommodate all 
the analog system inputs. The MC145040, when used with a 2 
MHz MCU, takes 24 ^s to sample the analog input, perform 
the conversion, and transfer the serial data at 1 MHz. Thirty- 
two A/D Clock cycles (2 MHz at input pin 19) must be provid- 
ed and counted by the MCU after the eighth SCLK before 
reading the ADC results. The MC145041 has the end-of- 
conversion IEOC) signal lat output pin 19) to define when data 
is ready, but has a slower 40 /*s cycle time. However, the 40 us 
is constant for serial data rates of 1 MHz independent of the 
MCU clock frequency. Therefore, the MC145041 may be used 
with the CMOS MCU operating at reduced clock rates to 
minimize power consumption without sacrificing ADC cycle 
times, with EOC being used to generate an interrupt. (The 
MC145041 may also be used with MCUs which do not provide 
a system clock.) 

ANALOG DESIGN CONSIDERATIONS 

Controllers with output impedances of less than 10 kilohms 
may be directly interfaced to these ADCs, eliminating the need 



for buffer amplifiers. Separate lines connect the V re f and Vag 
pins on the ADC with the controllers to provide isolation from 
system noise. 

Although not indicated in Figure 13, the V re f and controller 
output lines may need to be shielded, depending on their 
length and electrical environment. This should be verified dur- 
ing prototyping with an oscilloscope. If shielding is required, a 
twisted pair or foil-shielded wire (not coax) is appropriate for 
this low frequency application. One wire of the pair or the 
shield must be Vag- 

A reference circuit voltage of 5 volts is used for this applica- 
tion. The reference circuitry may be as simple as tying Vag to 
system ground and V re f to the system's positive supply. (See 
Figure 14.) However, the system power supply noise may re- 
quire that a separate supply be used for the voltage reference. 
This supply must provide source current for V re f as well as 
current for the controller potentiometers. 

A bypass capacitor across the V re f and Vag Pins is recom- 
mended. These pins are adjacent on the ADC package which 
facilitates mounting the capacitor very close to the ADC. 



SOFTWARE CONSIDERATIONS 

The software flow for acquisition is straightforward. The 
nine analog inputs, AN0 through AN8, are scanned by reading 
the analog value of the previously addressed channel into the 
MCU and sending the address of the next channel to be read 
to the ADC, simultaneously. All nine inputs may be scanned in 
a minimum of 216 h s (MC145040) or 360 (MC145041). 

If the design is realized using the MC145040, 32 A/D clock 
cycles (at pin 19) must be Counted by the MCU to allow time 
for A/D conversion. The designer utilizing the MC145041 has 
the end-of-conversion signal (at pin 19) to define the conver- 
sion interval. EOC may be used to generate an interrupt, 
which is serviced by reading the serial data from the ADC. The 
software flow should then process and format the data, and 
transfer the information to the video circuitry for updating the 
display. >' 
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5 VOLT 
REFERENCE 
CIRCUIT 



CONTROLLER 
»1 


LEFT/RIGHT 





CUflkIC TUQIICT 

tNblNt IHHUSI 






LEFTRIGHT 


CONTROLLER 

H 


UPIDOWN 


ENGINE THRUST 






LEFTIRIGHT 


CONTROLLER 
13 


UPIDOWN 


ENGINE THRUST 


»■ 



ANO 
AN1 
AN2 

AN3 
AN4 
AN5 

AN6 
AN7 
AN8 



"AG I 



ADC 
MC145040 



MC145041 



AN9 
AN10 



CS 



AiD CLK 



IMC145040I 
EOC 



IMC145041I 



JjSS __ 



Figure 13. Joystick Interface 



SPI PORT 



MC68HC05C4 
MC6805K2 
MC6805S2 



VIDEO 
CIRCUITRY 



VIDEO 
MONITOR 



DIGITAL *V 



ANALOG -V 



5 V 
SUPPLY 



TO 

JOYSTICKS 



ANALOG GND 



DIGITAL GND 




DO NOT CONNECT 
AT IC 



00 NOT CONNECT 
AT IC 



14. Alternate Configuration Using the Digital 
Supply for the Reference Voltage 
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MC1 45042 
MC1 45043 



Product Preview 



MC1 45042 and MC1 45043 are similar (respectively) to MC1 45040 and MC1 45041 but these 
converters have 19 Analog Input Channels. 
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Specifications and Applications Information 



PROGRAMMABLE PRECISION REFERENCES 

The TL431.A integrated circuits are three-terminal program- 
mable shunt regulator diodes. These monolithic IC voltage ref- 
erences operate as a low temperature coefficient zener which is 
programmable from V re f to 36 volts with two external resistors. 
These devices exhibit a wide operating current range of 1.0 to 
100 mA with a typical dynamic impedance of 0.22 fi. The char- 
acteristics of these references make them excellent replacements 
for zener diodes in many applications such as digital voltmeters, 
power supplies, and op amp circuitry. The 2.5 volt reference 
makes it convenient to obtain a stable reference from 5.0 volt 
logic supplies, and since the TL431.A operates as a shunt regu- 
lator, it can be used as either a positive or negative voltage 
reference. 

• Programmable Output Voltage to 36 Volts 

• Voltage Reference Tolerance: ±1.0% (TL431.A) 

• Low Dynamic Output Impedance, 0.22 11 Typical 

• Sink Current Capability of 1.0 to 100 mA 

• Equivalent Full-Range Temperature Coefficient of 50 ppm/°C 

Typical 

• Temperature Compensated for Operation over Full Rated 

Operating Temperature Range 

• Low Output Noise Voltage 




SYMBOL 



(R) 



I Cathode 
4-0 <K) 



1 2.5 V ref | 



I L T L-l 

Anode (A) 

FUNCTIONAL BLOCK DIAGRAM 



Reference 
(R) 



INTERNAL SCHEMATIC 
Component values are nominal 




Anode (A) 



TL431.A 

Series 



PROGRAMMABLE 
PRECISION REFERENCES 

SILICON MONOLITHIC 
INTEGRATED CIRCUITS 



LP SUFFIX 

CASE 29-02 
TO-226AA 
(TO-92) 

Pin 1 . Reference 

2. Anode 

3. Cathode 





P SUFFIX 

PLASTIC DUAL-IN-LINE PACKAGE 
CASE 626 



~B] Reference 
7] N C 
^ Anode 
S\ NC 




JG SUFFIX i 

CERAMIC DUAL-IN-LINE PACKAGE 
CASE 693 





D SUFFIX 

PLASTIC PACKAGE 
CASE 751-01 
SOP-8 

SOP-8 is an internally modified SO-8 Package. Pins 
2, 3, 6 and 7 are electrically common to the die 
attach flag. This internal lead frame modification 
decreases package thermal resistance and 
increases power dissipation capability when 
appropriately mounted on a printed circuit board. 
SOP-8 conforms to all external dimensions of the 
standard SO-8 Package. 



ORDERING INFORMATION 



Device 


Temperature 
Range 


Package 


TL431CLP.ACLP 


to + 70'C 


Plastic TO-92 


TL431CP.ACP 


to + 70°C 


Plastic DIP 


TL431CD.ACD 


to +70°C 


SOP-8 


TL431CJG 


to +70X 


Ceramic DIP 


TL431ILP.AILP 


-40 to + 85X 


Plastic TO-92 


TL431IP.AIP 


-40 to +85-C 


Plastic DIP 


TL431IJG 


- 40 to + 85X 


Ceramic DIP 


TL431MJG 


-55 to + 125X 


Ceramic DIP 



DS9578R1 
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MAXIMUM RATINGS (Full operating ambient temperature range applies unless otherwise noted.l 



Rating 


SymDOl 


Value 


Unit 


Cathode To Anode Voltage 


VKA 


37 


V 


Cathode Current Range, Continuous 


Ik 


-100 to +150 


mA 


Reference Input Current Range, Continuous 


'ref 


-0.05 to +10 


mA 


Operating Junction Temperature 


Tj 


150 


°C 


Operating Ambient Temperature Range 
TL431M 

TL431I, TL431AI 
TL431C, TL431AC 


TA 


-55 to +125 
-40 to +85 
to +70 


°C 


Storage Temperature Range 


T stg 


-65 to +150 


°C 


Total Power Dissipation @ Ta = 25°C 
Derate above 25°C Ambient Temperature 
D, LP Suffix Plastic Package 
P Suffix Plastic Package 
JG Suffix Ceramic Package 


PD 


0.70 
1.10 
1.25 


w 


Total Power Dissipation @ Tc = 25°C 
Derate above 25°C Case Temperature 
D, LP Suffix Plastic Package 
P Suffix Plastic Package 
JG Suffix Ceramic Package 


PD 


1.5 
3.0 
3.3 


w 


THERMAL CHARACTERISTICS 


Characteristics 


Symbol 


D, LP Suffix 
Package 


P Suffix 
Package 


JG Suffix 
package 


Unit 


Thermal Resistance, Junction to Ambient 


r «ja 


178 


114 


100 


°c/w 


Thermal Resistance, Junction to Case 


R«jc 


83 


41 


38 


*c/w 


RECOMMENDED OPERATING CONDITIONS 


Condition/Value 


Symbol 


Min 


Max 


Unit 


Cathode To Anode Voltage 


VKA 


Vref 


36 


V 


Cathode Current 


ik 


1.0 


100 


mA 



ELECTRICAL CHARACTERISTICS (Ambient temperature at 2S°C unless otherwise notedl 



Characteristic 


Symbol 


TL431M 


TL431I 


TL431C 


Unit 


Min 


Typ 


Max 


Min 


Typ 


Max 


Min 


Typ 


Max 


Reference Input Voltage (Figure 1) 
VKA - V ref , >K = 10 mA 
Ta = +25°C 

T A = Tlow to Thigh (Note U 


Vref 


2.440 
2.396 


2.495 


2.550 
2.594 


2.440 
2.410 


2.495 


2.550 
2.580 


2.440 
2.423 


2.495 


2.550 
2.567 


V 


Reference Input Voltage Deviation Over 
Temperature Range (Figure 1, Note 1, 2, 4) 
VKA - V re f, "K = 10 mA 


AVref 




15 


44 




7.0 


30 




3.0 


17 


mV 


Ratio of Change in Reference Input Voltage 
to Change in Cathode to Anode Voltage 

IK = 10 mA (Figure 2), AVka = 10 V to V re f 
AVka = 36 V to 10 V 


AV re f 

avka 




-1.4 
-1.0 


-2.7 
-2.0 




-1.4 
-1.0 


-2.7 
-2.0 




-1.4 
- 1.0 


-2.7 
-2.0 


mV/V 


Reference Input Current (Figure 2) 
IK = 10 mA, R1 = 10 k, R2 = » 
Ta = +25°C 

T A = T| ow to Thigh (Note 11 


'ref 




1.8 


4.0 
7.0 




1.8 


4.0 
6.5 




1.8 


4.0 

5.2 


/"A 


Reference Input Current Deviation Over 
Temperature Range (Figure 2, Note 1, 4) 
IK = 10 mA, R1 = 10 k, R2 = » 


Alref 




1.0 


3.0 




0.8 


2.5 




0.4 


1.2 


MA 


Minimum Cathode Current For Regulation 
VKA = Vref (Figure 1) 


'min 




0.5 


1.0 




0.5 


1.0 




0.5 


1.0 


mA 


Off-State Cathode Current (Figure 3) 
Vka = 36 V, Vref = V 


(off 




2.6 


1000 




2.6 


1000 




2.6 


1000 


nA 


Dynamic Impedance (Figure 1, Note 3) 
VKA = Vref. AI K = 1.0 mA to 100 mA 
f s 1.0 kHz 


IZkal 




0.22 


0.5 




0.22 


0.5 




0.22 


0.5 


n 
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ELECTRICAL CHARACTERISTICS (Ambient temperature at 25°C unless otherwise noted) 



Characteristic 


Symbol 


TL431AI 


TL431AC 


Unit 


Min 


Typ 


Max 


Min 


Typ 


Max 


Reference Input Voltage {Figure 1) 
VKA = V ref , l K = 10 mA 
Ta, = + 25°C 

Ta = T|ow to T nign (Note 4) 


Vref 


2.470 
2.440 


2.495 


2.520 
2.550 


2.470 
2.453 


2.495 


2.520 
2.537 


V 


Reference Input Voltage Deviation Over 
Temperature Range (Figure 1, Note 1, 2) 

a — V t lis — in m A 

V KA - v ref- 'K - lu mA 


AV ref 




7.0 


30 




3.0 


17 


mV 


Ratio of Change in Reference Input Voltage 
to Change in Cathode to Anode Voltage 

AVka = 36 Vto 10 V 


AV ref 
AVKA 


- 


-1.4 
— 1 


-2.7 
— 2 


- 


-1.4 

_ 1 Q 


-2.7 
— 2 


mV/V 


Reference Input Current (Figure 2) 
l K = 10 mA, R1 = 10 k, R2 = » 
Ta = +25°C 

Ta = T| ow to T hiqh (Note 1) 


■ref 


— 


1.8 


4.0 
6.5 


— 


1.8 


4.0 
5.2 




Reference Input Current Deviation Over 
Temperature Range (Figure 2, Note 11 
lK = 10 mA, R1 = 10 k, R2 = » 


Alref 




0.8 


2.5 




0.4 


1 .2 




Minimum Cathode Current For Regulation 
V KA = v ref (Figure 1) 


'min 




0.5 


1.0 




0.5 


1.0 


mA 


Off-State Cathode Current (Figure 3) 
Vka - 36 V, V re) = V 


'off 




2.6 


1000 




2.6 


1000 


nA 


Dynamic Impedance (Figure 1, Note 31 
VKA = v ref- A'K = 10 mA to 100 mA 
f s 1.0 kHz 


IZkal 




0.22 


0.5 




0.22 


0.5 


n 



dote 1 : 
Tlow 



= -55XforTL431MJG 

- - 40X for TL431 AIP, TL431 AILP, TL431 IP, TL431 ILP, TL431 IJG 

= OX for TL431ACP, TL431ACLP, TL431CP, TL431 CLP, TL431CJG, TL431CD, TL431ACD 



T hiqh = +125XforTL431MJG 

= +85X for TL431AIP, TL431AILP, TL431IP, TL431ILP, TL431IJG 

- +70X for TL431ACP, TL431 ACLP, TL431CP, TL431CLP, TL431CJG, TL431CD, TL431ACD 



FIGURE 1 - TEST CIRCUIT FOR V KA = V re f 

input o— aa/v— • — o v K a 
Ik 




Note 2: 

The deviation parameter AV re f is defined as the differences between 
the maximum and minimum values obtained over the full operating 
ambient temperature range that applies. 



V ref Max - 



V re f Min 




AV re f = V re , Max 
-V re ,Min 

AT A =T 2 -T, 



FIGURE 2 - TEST CIRCUIT FOR V K A > V re f 
Input O — vw — f °Vk A 




T, T 2 
AMBIENT TEMPERATURE 

The average temperature coefficient of the reference input volt- 
age, a V re f, is defined as: 



VKA=V ref (l + -j^) + lrefR1 



«V ref 



ppm _\v re f @ 25°C' 
~ * AT A 



AV re f< 1Q6 
AT A (V rei @25°C) 



FIGURE 3 - TEST CIRCUIT FOR l off 



Input O — vw 




■oV KA 



aV re f can be positive or negative depending on whether V re f 
Min or V re f Max occurs at the lower ambient temperature. (Refer to 
Figure 6) 

Example: AV re , = 8.0 mV and slope is positive. V re f @ 25°C = 
2.495 V. AT A = 70°C 

0.008 * 106 

oV re f = = 45.8 ppm/°C 

70 (2.495) 
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Note 3 

The dynamic impedance Z^ s is defined as. 



circuit is defined as 



AI K 



When the device is programmed with two external resistors, Rl 
and R2, (refer to Figure 2) the total dynamic impedance of the 



FIGURE 4 - CATHODE CURRENT versus 
CATHODE VOLTAGE 
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V K A. CATHODE VOLTAGE ( V) 



IZka'l =IZ ka l 



Note 4: 

This test is not applicable to surface mount (D suffix) devices. 

FIGURE 6 - CATHODE CURRENT versus 
CATHODE VOLTAGE 
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FIGURE 6 — REFERENCE INPUT VOLTAGE versus 
AMBIENT TEMPERATURE 



FIGURE 7 — REFERENCE INPUT CURRENT versus 
AMBIENT TEMPERATURE 
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FIGURE 8 — CHANGE IN REFERENCE INPUT 
VOLTAGE versus CATHODE VOLTAGE 
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FIGURE 9 - OFF-STATE CATHODE CURRENT 
versus AMBIENT TEMPERATURE 
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V KA = 36V 

Vref = ° » 
Input v-w — oV|( A 
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FIGURE 10 - DYNAMIC IMPEDANCE 
versus FREQUENCY 



FIGURE 11 - DYNAMIC IMPEDANCE 
versus AMBIENT TEMPERATURE 
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FIGURE 12 - OPEN LOOP VOLTAGE GAIN 
versus FREQUENCY 
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FIGURE 13 — SPECTRAL NOISE DENSITY 
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FIGURE 14 - PULSE RESPONSE 



FIGURE 15 - STABILITY BOUNDARY CONDITIONS 
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TL431.A Series 



FIGURE 16 - TEST CIRCUIT FOR CURVE A 
OF STABILITY BOUNDARY CONDITIONS 



FIGURE 17 - TEST CIRCUIT FOR CURVES B. C, AND O 
OF STABILITY BOUNDARY CONDITIONS 
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TYPICAL APPLICATIONS 



FIGURE 18 - SHUNT REGULATOR 



V+ O — VW- 



-o v ou , 



• R2 



-* O 



Vout= C 1+ -j£) V 'ef 



FIGURE 19 - HIGH CURRENT SHUNT REGULATOR 
V+O Wv— f * 1 O V ou , 



•R1 



FIGURE 20 - OUTPUT CONTROL OF A 
THREE-TERMINAL FIXED REGULATOR 



V+O 




V out Min = V ref ♦ 5.0 V 



FIGURE 21 — SERIES PASS REGULATOR 
V+ O ■ . j 1 O V„ 
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Vou,= 6 V) v ref 
V ou , Min = V ref + V be 
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FIGURE 22 - CONSTANT CURRENT SOURCE 

Rcl 



v+o- 



Vref 

Rcl 



FIGURE 23 - CONSTANT CURRENT SINK 

V+ 'sink 

. v ref 



FIGURE 24 - TRIAC CROWBAR 
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: R2 



Vout(trip) = (l +_ ^) V ref 



FIGURE 25 - SCR CROWBAR 




Voutltrip) = (l + ^j) V ' 



FIGURE 26 — VOLTAGE MONITOR 



V+O- 




L.E.D. indicator is 'on' when V+ is between the 
upper and lower limits. 

Lower Limit = ^1 + ~) v ref 

/ R3\ 

Upper Limit = I 1 + lV re f 

^ R4 



FIGURE 27 - SINGLE-SUPPLY COMPARATOR WITH 
TEMPERATURE-COMPENSATED THRESHOLD 
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FIGURE 28 - LINEAR OHMMETER FIGURE 29 - SIMPLE 400 mW PHONO AMPLIFIER 
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V in = 10 to 20 V 

o 



FIGURE 30 - HIGH EFFICIENCY STEP-DOWN 
SWITCHING CONVERTER 

150 >»H @ 2.0 A 




V ou t ■ 5 V 
ln.it = 1 0* 



TEST 


CONDITIONS 


RESULTS 


Line Regulation 


V in = 10 Vto 20 V. I„= 1.0 A 


53 mV (1.1%) 


Load Regulation 


V jn = 15 V, l c = OA to 1.0 A 


25 mV (0.5%) 


Output Ripple 


V jn = 10 V, l = 1.0 A 


50 mVp.p P.A.R.D. 


Output Ripple 


V in = 20V. I =1.0A 


100 mVp.p P.A.R.D. 


Efficiency 


Vj n - 1 5 V, l = 1 .0 A 


82% 
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APPLICATION IDEA FROM MOTOROLA 

(ft) 



V 


\ 


/ 




Absolute Value 
Amplifier for 

DYM 



In many DVM systems, the Analog Digital Converter works with a unipolar differential input voltage. In order 
to obtain a DVM which accepts bipolar inputs, it is possible to use the absolute value amplifier shown here. 
The MLM301A is connected for a gain of +1 or -1 according ot the polarity of the input, as detected by the 
MC1741, which can also be used to drive the polarity indicator. 

The switches used for changing the circuit form inverting to non-inverting may be either mechanical (e.g. reed 
relays) or electronic (MC14016). The circuit shows the connections for the MC14016. The supply voltages 
Vqd ( 5V) and Vss (-3V) are chosen to provide good switching action taking into account both the switch 
drive requirements and the analog voltage levels to be switched. 

In this application, the absolute voltage output is ten times smaller (V-|, MC1505) than the input voltage 
(Vin) applied. This ratio may be changed by modification of the alternating voltage divider at the input 
terminal. 
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MC 14016 



MLM301A 



- v ino — Mm- 



Up to 19,99V 



0VO 




+ 5V vX{* 

Absolute Value Amplifier 



til OhlE 
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A I 48 




AVI 

ANALOG VOLTAGE 
INDICATOR 



2.5% Resolution Analog Voltage Indicator 

Digital voltmeters are accurate measuring devices but in some cases the display is not practical. 
The Analog Voltage Indicator described here is ideal as an inexpensive display and is easy to build. 

Description of the circuit 

The quad comparator MC3302 is used as an A/D. flash converter. 

The quad operational amplifier MLM324 is used to make an input buffer amplifier, an internal current 
source and a 5 Hz oscillator. This oscillator continuously changes the input reference voltages (A50 mV) of 
all comparators. The variation of 50 mV is made between 3/4 and V4 of each voltage step (100 mV). If the 
output voltage is within this bracket, the active comparator will change continuously the status of the 
indicating LED. This flashing (at 5 Hz) shows that V|N is half way between two voltage steps. Effectively 
this doubles the resolution of the Analog Voltage Indicator. 

2,5o/o for 20 LED 



n (LED) x 2 



Features 

- Single Supply +5 V to +6 V 

- Input Voltage up to + 20 Vdc 



— Accuracy ± 0.3 V Reading 

— Resolution 2.5°/o by flashing 
of the LED 



Input Impedance 1 MSI 
Solid State Reliability 
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Analog Voltage Indicator 
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37 2 DIGIT 
AUTO-RANGING 

CMOS DVM 



The MC14433 is a CMOS monolithic 3'h digit A/D converter. This device may be used as 
the basis for an accurate DVM. Only 5 integrated circuits are needed, MC14433 (A/D 
converter), MC14511 (BCD to 7-segment decoder), MC75492 (LED digit driver), MC1403 
(2.5 volt reference), MC14013 (D Flip-flop for sign and over-range). The application 
shown here is an autoranging DVM, using a few addition parts, and has the following 
features: 

- Bipolar input 

- Auto-Polarity 

- Input Voltage Range Up to ± 19,99 Vdc (first range) 

± 20,0 V to ± 199,9 Vdc (second range) 

- Accuracy ± 0,05 °/o Full Scale ± 1 count 

- Input Impedance 10 Mf2 

- Auto-Zero 

- Display Up-dating (HOLD) 

- Input protected by subtrate diodes 

- Flashing display when input is Over- Range 

Calibration Procedure: 

1) A Voltage of i 19,900 Volts ± 2 mV is applied to the input terminal. Adjust the 
Reference Voltage (MC1403) potentiometer in order that the display shows "19,90". 
This occurs mid-way between the value "19,89" and "19,91". 

2) A Voltage of ± 199,00 Volts ± 20 mV is applied to the input terminal. Adjust the 
voltage divider potentiometer in order that the display shows "199,0". 
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The application shown here is an auto ranging DMM for measuring voltages, currents, resistances 
temperatures. The features are: 

Voltage 

AC or Bipolar DC up to 19.99 V j 

20,0 V to 199,9 V \ Three scale auto-ranging 

200 V to 1000 V ) 

Currant 

olar DC up to 1999 mA (Drop Voltage max. 0.36 V) 

up to1,999Kfil 

2 Kfi to 1 9,99 Kfi > Three scale auto-ranging 

20 Kfi to 199,9 Kfi) 



-10°C to +100,0 °C (Transistor Sensor) 



(DC, fi) ±0,05% Full Scale ±1 count 
(AC, °C) ±0,25% Full Scale ±1 count 



) (HOLD) 
Flashing display when input is Over ! 
Low Consumption max. 200 mW 
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Y.A.O. °C. 
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CALIBRATION PROCEDURE 



NjCondition 
Sttp 


Mode 
Selection 


Input 
Parameter 


Pot 
Adjust 


Display 
Reading 


Remarks 


1 

2 
3 


V, OC 


+ 19,00 VDC 
+ 190,0 VDC 
+ 1000 VDC 


P 1 
P 2 
P 3 


+ 19,00 
+ 190,0 
+ 1000 


VIN 

±0.2%,, 


4 


A. DC 


+ 1900 mA 


P 4 


+ 1900 




5 
6 


V, AC 


V 
19,00 VAC 


P 5 
P 6 


00,00 
19,00 


VIN 
±0.1% 


7 




190,0 Kfi 


P 7 


190,0 




8 


n, dc 


19,00 KS1 


P 8 


19.00 




9 




1,900 Kfi 


P 9 


1,900 




10 
11 


°C, DC 


0,0 °C 
+ 100.0 °C 


P 10 
P 11 


0,0 
+100,0 





Adjust the potentiometers in order that the display shows "1900" or "1000" or "0000". 

This occurs mid-way between the value "1899" and "1901" or "999" and "1001" or "-0001" +0001". 



V . J 
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• Accuracy 

± 0.05% FS ± 1 count (DC) 
± 0.2% FS ± 1 count (AC) 

• Resolution 

314 digit 

• Consumption 200 mW 

• Display UP dating (hold) 




AUTOMATIC 
PORTABLE 

DVM 



• Auto-Selection 
of AC and DC 

• Auto- Ranging 

up to 199.9 V 
200 to 1999 V 

• Auto-Polarity 



AC or DC voltages Up to 1000 V can be measured without manual intervention using an AC detector 
circuit (OVER FLOW INTEGRATOR). 

When an AC voltage is applied to the input, the AC detector circuit (MC14022, MC14013) switches 
the inputs signal through a decoupling capacitor onto a rectifier and an integrator (MC1458SP2). At 
the same time the sign on the display is removed. The minimum AC voltage to be detected by the 
circuit is about 0,5 VAC. 

The conversion rate is about 4 Hz with provision for holding the display value by means of the switch 
(hold). 

CALIBRATION PROCEDURE 



Condi- 

Step 


Input 
parameter 


Pot. 
adjust 


Display 
reading 


Remarks 


1 


V 


PI 


000.0 




2 
3 


+ 190 VDC 
+ 1000 VDC 


P2 
P3 


190.0 
1000 


VIN ± 0.02% 
Sign + is on 


4 

5 


2 VAC 
190 VAC 


P4 
P5 


2.0 
190.0 


VIN ±0.1% 
Signs are off 
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PORTABLE AUTOMATIC DVM (AC and DC) UP to 1000V 
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Resolution 0.1 °C 



PORTABLE 
DIGITAL 
THERMOMETER 

-40°Cto +99.9 °C 



Accuracy 

± 0.3 "Cat 

Tamb = 0°Cto50°C 



An accurate digital thermometer can be built with a transistor sensor (BC585) and an analog-to-digital 
converter (MC14433). The transistor sensor has a temperature coefficient of about -7 millivolts/ C. 
So with a At of 100 °C, the AV of the sensor will be 200 mV. Using the ratio-metric function of the 
MC14433 it is easy to calibrate the thermometer. 

Vout _ onnn (VX- VAG) 
(display) " 2000 ( V R - VAG) where V * _ Vag = AV < sensor > 

The voltage between Vag an d VEE ' s calculated according to the specification on the Data Sheet, the 
resistance tolerance of 5% and a temperature of °C for the sensor. The voltage between Vr and 
Vag will be about 400 mV, according to the formula shown above. 

The accuracy of the thermometer is given by the high quality of the regulation circuit (MC1503U and 
MLM208U) associated with the auto-zero and auto-polarity features of the MC14433. 

The total current consumption is about 3 mA, ensuring a long life for the battery. The thermometer 
remains functional with voltages as low as 8 volts. 

CALIBRATION PROCEDURE 



^^^Condition 


Sensor 


Pot 


Display 


Step 


Temperature 


Adjust 


Reading 


1 


0°C 


P1 


± 00.0 


2 


+ 90°C 


P2 


+ 90.0 
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PORTABLE DIGITAL THERMOMETER (-40°C to+99.9°C) 



AN-321 



Application Note 



The acquisition and recovery of analog signals 
in a M6800 data processing system 



Some practical examples of the interfacing required in 
analog data processing with microprocessors are discussed. 
A multi-channel process control data acquisition module 
and the graphic display of digital data on a standard X-Y 
chart recorder are presented as typical interface units. 
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The acquisition and recovery of analog signals in a M6800 data processing system 



INTRODUCTION 

The fundamental circuits used in processing analog signals 
by conventional methods include the operations of 
filtering and detection. These are, in fact, simplified 
electronic circuit realisations for the operations of con- 
volution and correlation. The introduction of the digital 
computer into the realm of signal processing permits these 
mathematical operations to be performed in practice. 
Once the analog signal has been transformed into digital 
format, any required sequence of operations for process- 
ing the signal may be performed, simply by programming 
the computer accordingly. 

On-line computation can now be envisaged, since com- 
puters are available as circuit components. However, the 
limitation remains, that total calculation time must be 
more rapid than the rate of data acquisition. The 
relatively slow speed of performing digital arithmetic 
operations therefore limits the on-line microprocessor 
system to applications in the audio and subsonic area {e.g. 
physiological signals, vibration analysis, servo-motor con- 
trollers) at present. 

Since data acquisition can usually be performed faster 
than the rate of calculation, the techniques of off-line and 
batch processing can be advantageously employed in 
treating higher frequency signals. To illustrate this facility, 
we consider here the problem of data acquisition to meet 
the requirements of a process control application. The 
time delay and/or change of time scale implied in off-line 
processing often necessitates visual displays (e.g. CRT, 
chart recorder) of computed signal parameters over 
defined time windows. The example of such a graphic 
display using an X-Y recorder is discussed later. 
In considering these particular examples, the basic fea- 
tures of sampled data processing must be understood. A 
brief description is included in the Appendix. 



DATA ACQUISITION 

The particular example taken here concerns multi-channel 
data acquisition for an on-line process control application 
using an M6800 system. A large number of slowly varying 
analog parameters have to be made available as inputs for 
the control algorithm being evaluated by the digital 
microprocessor. The control algorithm may call for any of 
the analog variables to be available in digital represen- 
tation with an access time that is compatible with the 
response time of the control loop (including the calcula- 
tion time of the processor). This restriction makes it 
impossible to use conventional data logging 1 owing to the 
long conversion time of an integrating analog-to digital 
converter. The requirement here is that an analog variable 
should be available for digital data manipulation by the 
M6800, with a minimum time delay after the appropriate 
software instruction. The solution adopted is to use 
successive approximation analog-to-digital conversion with 
a digitally controlled channel selector. 



The specifications taken for a data acquisition module are 
the following: 

- 8 single ended analog input channels (extension possi- 
ble to 16). 

- Input voltage excursion +5 to -5 Volts. 

- Conversion accuracy 0.5%o (10 bits with sign). 

- Digital output compatible with M6800 bus. 

- Conversion time less than 100 microseconds after 
software "request" for any analog variable (channel). 

The input voltage variations are assumed to be less than 
% LSB (2,5 millivolt) during the inter-sampling period 
(100 microseconds). This obviates the need for a "sample 
and hold" circuit at the input to the converter. 
The multi-channel analog to digital converter is to be 
interfaced with the M6800 bus structure. Several com- 
binations using the MC6820, Peripheral Interface Adapter, 
have been described elsewhere 2 . However the organisation 
of hardware/software to achieve the specifications defined 
above, precludes the use of the MC6820, owing to access 
time limitations. This leads to the adoption of a multi- 
plexed successive approximation register converter 3 
The interface to the M6800 system may still be realiseo a 
number of different ways, three of which will now be 
discussed in more detail. 

(a) Direct Memory Access (DMA) is a means of entering 
the digital data from the converter directly into the 
M6800 system RAM without going through the MPU 
registers (for a detailed description, see the M6800 
Applications Manual). In this case, the A/D conver- 
sion is free-running, converting the analog channels in 
a predetermined order, (hardwired). Whenever a 
channel of digital data is ready for transfer into RAM 
via the data bus, the assigned address corresponding 
to that data channel must be generated externally for 
the MPU address bus. 

The M6800 bus structure can be forced into 3-state 
(high impedance) condition, in order to accept the 
data, by using the GO/HALT line. Alternatively, the 
TSC line may be used and the clock generator 
stretched to permit "cycle stealing". More efficient 
still is to use rapid 3-state buffers to isolate the RAM 
(which must also have rapid access time for this 
application) from the rest of the MPU system. During 
clock cycle phase 01, the data may be written into 
the RAM, without affecting the MPU in any way. 
The information transferred into the RAM by DMA 
will be the latest converted value, so is always 
available to the MPU by a standard software read 
command (LDA). This technique has the disad- 
vantage that the analog multiplexing is not under 
MPU control. The rate of updating the RAM for one 
particular channel (analog bandwith) depends then on 
the rate and sequence of scanning the channels. 

' Data acquisition networks with NMOS and CMOS - Motorola 
Application Note AN-770. 

3 Analog to digital conversion techniques with M6800 Micro- 
processor System - Motorola Application Note AN-757. 

3 Sucessive approximation A/D conversion - Motorola Application 
Note AN-716. 
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(b) Interrupt (IRQ) routines can be used to transfer a 
completed analog-to-digital conversion into the MPU 
registers. The free-running converter signals the end 
of the conversion (EOC) to the M6800 via the IRQ 
line. An interrupt service routine is used to store the 
result in a defined RAM location before returning to 
the original program. The updated value can be 
accessed from the RAM by a software read command 
(LDA). However when using interrupts, it should be 
remembered that the time between the I RQ occuring 
and access to the interrupt routine may be as long as 
23 ms. Returning to the original program will take a 
further 10 ms. So much permanent dead time will 
seriously affect the computational speed and signi- 
ficantly reduce the response time, if the system is 
part of a control loop. 

(c) Software command of the data acquisition system 
may be realised if the analog channel selection/ana- 
log-to-digital converter is hardwire coded so that it 
can be addressed directly by the MPU bus. The 
software request to read a desired analog channel will 
connect that analog channel to the A/D converter and 
trigger the start of conversion. When conversion is 



complete the result is transferred into the accu- 
mulator and computation proceeds. 
Although some dead time is involved in waiting for 
the conversion to be performed, this only occurs 
while the software request for analog data is being 
serviced. In a real system, such requests will probably 
occur relatively infrequently at irregular intervals 
(compared with the A/D conversion time), so the 
loss of computing time may not be significant. 

In view of the above discussion, the last technique as 
chosen for this application. 

The requirement for working to an accuracy of 0.5% o im- 
plies the use of a 10 bit successive approximation register 
converter. For convenience, two consecutive MPU data 
bytes are used, since the data bus in only 8 bits wide. The 
timing sequence of the latched bits of a successive 
approximation converter is well defined by the clock, so it 
is possible to handle the two most significant bits in one 
MPU data byte while the remaining eight bits are being 
determined by the converter. These latter 8 bits are then 
transferred as one byte into the MPU system. The 
"pipeline" organisation of the system is shown in figure 1. 




FIGURE 1 - DATA ACQUISITION BY SOFTWARE COMMAND. 



To illustrate the use of this technique with a real example, 
an 8-channel data acquisition system has been built on an 
EXORciser card. The A/D converter (10 bit with sign) is 
not synchronous with the MPU clock. The circuit diagram 
of the board is shown in figure 2. This circuit permits the 
micro-computer (not shown) to request, by means of 



LDA software instructions, the two byte digital value of a 
desired analog channel. The result is made available in the 
A (LSB) and B (MSB) accumulators and also is stored in 
defined locations in the MCM6810 (random access me- 
mory) on the card. 
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FIGURE 2 - BLOCK DIAGRAM 
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In this example, 
used: 



the following address assignments were 



CHANNEL 1 
CHANNEL 2 



CHANNEL 8 
RAM 



2080/2081 
2082/2083 



208E/208F 
2100/217F 



A software instruction to read (LDA) any channel address 
is decoded on the card and starts the A/D converter 



(SOC Itne) with the analog multiplexer latched to the 
appropriate channel. 

The timing diagram relevant to the sequence of operations 
is shown in figure 3. The conversion is completed approxi- 
mately 55 /is after the first read instruction initiates the 
converter. An example of the use of this data acquisition 
card is in storing (in the RAM) the values of the 8 analog 
channels in rapid sequence. The software for this is shown 
here where the program is intended for use as a 
subroutine, with retrieval of index and accumulators 
included. 
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FIGURE 3 - TIMING DIAGRAM OF ONE CONVERSION 
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B 
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PUL 


A 
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Delay 4 us 
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Prepare next channel input 
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Clear Interrupt Mask 


RTS 






Return 



END 

Not*: that if a 16 channel multiplexer is used, then the CPX instruction must be raised by 16 more bytes (to $20A0). 
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A distinct advantage of the system just described is that, 
once the digitisation process has been initiated, it is 
possible to predict exactly when the data will become 
available. The microcomputer could therefore be made to 
do useful work (not just stack shifting as shown in this 
example) during this time interval. 

DISPLAY FOR DATA/GRAPHICS 

Although acquisition, data manipulation, and output are 
now purely digital, a display of some parameters in analog 
form is very often needed. As pointed out in the 
Appendix, provided the data is defined at regular time 
intervals, respecting the Nyquist criterion, then complete 
signal recovery is possible by convoluting the digital data 
with the appropriate sine function. Examining the more 
general case though, where the time intervals are not 
regular, which may occur when the data held in the 
memory represents discontinuous signals of graphic infor- 
mation, then the above procedure cannot be used to 
generate a visual display. The general case will now be 
treated in more detail, since it is also applicable to the 
specific case of signal display where the signal has been 
stored again after the convolution process has been 
performed. The two most common displays are the CRT 
(usually for on line) or X-Y chart plotter where off-line 
hard-copies are required. This latter display will now be 
considered in more detail, since it is easily compatible 
with the M6800 as far as speed is concerned. The 
electro-mechanical parts of X-Y plotters are usually 
controlled either by stepper motors (digital pulse train 
inputs) or analog servo-motors (analog voltage inputs). In 
either case a dedicated interface circuit is usually em- 
ployed, which relieves the host computer of the ineffic- 



ient task of generating the slowly varying signals required 
to drive the pen correctly. A digital differential analyser 
(DDA) may be used, which generates incremental X and Y 
control signals based on the co-ordinates and graphic 
"primitive" information calculated by the host computer. 
Owing to the slow writing speed of standard X-Y 
recorders, a microcomputer can provide, at low cost, a 
viable general purpose interface which can easily calculate 
and generate the pen drive signals itself. The classical 
method would be to use it to calculate the characteristic 
co-efficients of the chosen "primitive" and evaluate the 
pen coordinates as X or Y (as appropriate) are slowly 
incremented. This procedure involve the formal opera- 
tions of multiplication and division. For simplicity, the 
graphic "primitives" used here are restricted to straight 
line segments between points, so a less formal algorithm 
of "continuous averaging" is used to generate the pen 
movements, as discussed below. 

The X, Y co-ordinates of the mid-point between the two 
points to be joined are calculated by subtraction and a 
right shift (in double precision). If the pen would have to 
move more than 1 bit to reach this point, the mid-point of 
the actual pen position and the previous average is 
calculated. This procedure is repeated until the difference 
is only one bit; the pen is then advanced to the calculated 
point. Averaging starts again, to obtain the next point; 
this continues repetitively until the pen is within one bit 
of the defined X, Y co-ordinates held in memory. The pen 
is finally advanced to this point, finishing the straight line 
traverse between the two sets of co-ordinates. 

The flow chart describing this operation is shown here in 
figure 4. 
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FIGURE 5 - GRAPHIC PLOTTER INTERFACE 
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A typical display unit is a Hewlett-Packard 7035B chart 
recorder. For this plotter, the precision of positioning the 
pen (±0.2%) is of the same order as the resolution of the 
8 bit data bus. The display unit therefore only requires 
that two (X and Y) D/A converters (MC1408) be 
interfaced to the MPU bus via a PIA (MC6820). The 
circuit is shown in figure 5 where the peripheral control 
line, CB2, is also used to provide the pen-lift function. 
The gain of the X and Y channels may be adjusted 
independantly so as to obtain graphics suited to the 
particular paper size used. 

If more than 8 bit precision is required (i.e. a more 
accurate plotter), double precision (2-byte) data becomes 
necessary. Both hardware and software now become more 
complex, but the same principle is applied in the 
interpolation for the pen movement. 
A program for use with the HP7035B recorder has been 
written to allow one of three modes of operation to be 
selected by the user. 

OPTION I - Plots straight lines between adjacent points 
specified by the co-ordinates held in memory. The data is 



unsigned and assumed to be in memory as a table; the 
lowest address specifies the first Y co-ordinate and the 
highest, the last X co-ordinate. Pen movement is slowed to 
25 mm/sec. by software delay in order to avoid slewing 
errors. 

OPTION P - Plots individual co-ordinate points with the 
pen lifted between points while traversing. Otherwise, 
identical to Option I. 

OPTION T - Plots alphanumeric text as a series of 
straight lines. Part of the memory table contains the 
co-ordinates for alphanumerics. The appropriate addresses 
are called up by the ASCII code for the character 
required. Three possible sizes of character may be specifed 
by the user as well as the starting point for every line of 
text. 

These three options are illustrated by the plot shown here 
in figure 6. 

The basic program consists of about 700 bytes, while the 
alphanumeric ASCII character look-up table occupies 
another 700 memory bytes. 
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CONCLUSION 

With suitable A/D and D/A conversion circuits, the 
microcomputer ^an be considered as a general purpose 
circuit component in the same sense as an operational 
amplifier. The defined task is specified by external 
components for an operational amplifier, while this 
function is performed by the software program in the case 
of the microcomputer. When processing analog signals, the 
advantages of using digital computation are in the stability 
and high accuracy achieved; the disadvantage is the speed 
restriction imposed in handling the sampled-data signals. 



so limiting the operational band-width. However, the 
impact of the microcomputer will be felt most in areas 
where the procedures used call for long storage time and 
for versatile algorithms which are adaptable in real time. 
In the low-frequency part of the spectrum, microcom- 
puter calculations can be performed sufficiently rapidly to 
implement processing in real time. Higher frequency 
signals however can be treated off-line requiring an 
understanding of efficient data acquisition and display 
methods. The two examples described in this note are 
intended to be practical without resorting to discussions 
that may be too generalised. 



APPENDIX 



SAMPLED DATA SYSTEM CONSIDERATIONS 

The input to a digital signal processor is a series of discrete 
quantized data points. In order that a continuously 
varying analog signal be compatible with the processor, an 
interface is needed which will make available the quan- 
tized values (with the required precision) at accurately 
known time intervals. For the purposes of this discussion 
it will be assumed that the quantisation is multi-level 
(binary coding) and that the time intervals are all 
identical. These are real restrictions, since a number of 
other useful representations do exist. However, accepting 
the above assumption, leads to the simplification that the 
interface has two functions, which can be considered 
separately. One is the data sampling function (sample and 
hold) while the other is the analog to digital converter. 
Both of these are well known to electronic engineers and 



the various possible implementations will not be discussed 
further here. 

The decision to use regular sampling intervals imposes 
constraints on the analog input signal which is to be 
processed. From basic sampling theory developed by 
Shannon, any analog variable can be completely specified 
as a discrete time series, provided that sampling is 
performed at a frequency higher than the "Nyquist 
frequency". That is, above twice the frequency of the 
highest frequency component present in the analog signal. 
If the analog signal does not conform to this limitation 
then an over-lapping phenomenon known as "aliasing" 
can occur. In practice, the analog input signal is band- 
limited by using a suitable low-pass filter to attenuate the 
higher frequency components, so avoiding digitising in- 
correct values due to under-sampling. 
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The above procedure, illustrated in figure 7, describes a 
simple technique for entering data into a digital processor. 
However, the problems encountered in the inverse pro- 
cedure for the reconstitution of analog signals from the 
digital processor output are not so widely appreciated. 
Continuous analog signals may be generated from a 
discrete time series by interpolation, the inverse procedure 
to sampling. Mathematically this necessitates the con- 
volution of the output time series with the "sine" 
function 4 . The convolution may be performed by an ideal 
low-pass linear phase analog filter, as shown in figure 8. 
Such an ideal filter is not easy to realise; the usually 
adopted approximation is to use a first or second order 
low pass filter. This has to be designed so as to limit the 
interpolation distortion due to phase non-linearity to the 
same order as the precision of the D/A converter which 
preceeds it, a relatively simple task. 



If the output signal is to be presented slowly enough (as 
when using off-line display) the convolution may be 
carried out in digital form by the processor itself. This 
necessitates the evaluation of the convolution process 
being performed faster than the slew-rate of the display 
device. Such a system, eliminating the analog low-pass 
filter, is a realistic possibility for the case of a chart 
recorder display. 

The particular arithmetic manipulations carried out on the 
digital time series between digitisation and analog re- 
covery will not be considered here. The actual processes 
are defined by algorithms usually in the time domain (e.g. 
Z-transforms) which are realized entirely by the software 
program, thereby giving the versatility and on-line adapta- 
bility which characterises this form of signal processing. 
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Application Note 



A/D CONVERSION SERIES -Part IV 

HIGH SPEED DIGITAL-TO-ANALOG 
AND ANALOG -TO -DIGITAL TECHNIQUES 



A brief overview of some of the more 
popular techniques for accomplishing D/A 
and A/D techniques. In particular those 
techniques which lead themselves to high 
speed conversion. 
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HIGH SPEED DIGITAL-TO-ANALOG 
AND ANALOG-TO-DIGITAL TECHNIQUES 



INTRODUCTION 

The world in which we live is truly an analog world. 
Data taken from anything that is tested or measured will 
usually appear in analog form and is difficult to handle, 
process, or store for later use without introducing con- 
siderable error. If data is taken frequently from a large 
number of sources, it will accumulate at such a rate that it 
becomes a burden and a major problem to the laboratory 
running the test. A digital computer has the capability of 
processing such data at rates comparable to those at which 
it was produced ; ho wever , the data must first be converted 
into a form usable by the digital computer. Then after the 
digital processing is complete, the digits must be recon- 
verted to analog form to interface with the real world. 

Although a pure analog system is capable of better 
accuracy than an analog-digital system, its accuracy is 
rarely completely usable because it is presented in a form 
that cannot be easily read, recorded, or interpreted with 
high accuracy. Digital data, however, is readily presented 
in numerical form regardless of the number of bits, and is 
just as easily manipulated, processed, and stored. Once 
data is converted into digital form it may be processed 
mathematically, sorted, analyzed, and used for control 
much more accurately and rapidly than with the analog 
data. If data must be "handled" much after it is acquired, 
it is safer to digitize it because there is little chance of 
error accumulation in successive manipulation. Further, 
digital data can be stored in many non-volatile types of 
memory devices. 

The applications of A/D and D/A converters are almost 
unlimited. As the state-of-the-art of semiconductor tech- 
nology advances, the cost of these conversion systems will 
continue to drop, and more system designers will be able 
to use A/Ds and D/As, which were before economically or 
physically impractical. A few current uses include: space 
telemetry systems, all digital voltmeters, voice security 
systems, closed loop process control systems (i.e., chemical 
plants, steel mills, etc.), in-flight checkout systems (to 
code the output of sensors so that a small computer on 
board can process the information), and hybrid com- 
puters use both A/D and D/A converters as a means of 
interfacing analog and digital computers to solve large 
system simulation problems. The listed applications indi- 
cate the versatility and represents only a small portion of 
the actual uses. 



It should be obvious that the A/D converter that con- 
trols the ambient temperature of a large supermarket 
cannot encode the video information from an optical 
scanner; obviously, the system requirements are as different 
as night and day. There are many ways of performing 
A/D and D/A conversion, from very slow, inexpensive 
techniques to ultra-fast expensive ones. For the rest of 
this note, only the latter category will be discussed. 

Appendix A is a glossary of terms pertaining to the 
subject of A/D and D/A conversion, and may benefit the 
reader in understanding the author's interpretation of 
some key terms. 

Appendix B discusses several of the more common 
digital codes used with A/D and D/A conversion. 

HIGH SPEED D/A CONVERTERS 

Digital -to-Analog conversion can be accomplished by 
quite a number of methods. It is not the purpose of this 
discussion to give an exhaustive description of each type, 
but merely to mention a few of the more popular tech- 
niques and point out where they fit into the more 
specialized category of high speed D/A converters. 

Voltage Output D/As 

The output of a D/A converter can be an analog voltage 
or current. The voltage output types will be discussed 
first, since they are used most commonly and are easiest 
to understand. 

Figure 1 shows the block diagram of a 3-bit voltage 
output D/A using weighted resistors and a summing 
amplifier . The summing resistorsof an operational amplifier 
are weighted in binary fashion and are connected via an 
electronic switch to the reference or to ground, depending 
upon the state of each individual digital input. A digital 
"1" connects the resistor to the reference, and thus adds 
in its respective binary weighted increment. Although 
double-throw switches are shown, conceptually it is un- 
necessary to switch the resistor to ground when not con- 
nected to the reference. However, when single pole 
switches are utilized, the gain of the amplifier varies with 
the digital input and this affects bandwidth, dc offset, and 
drift. This variation is eliminated by the more expensive 
double throw switch. 

A significant disadvantage of the simple weighted re- 
sistor approach of Figure 1 is that the accuracy and 



3-28 



*0 



-Wr 





r 



c 



•BineriPy Coded 
C - (1/2 A ♦ 1/4 A, ♦ 1/IAjl V R 



FIGURE 1 - Voltage Output Weighted Reuitor Summing D/A 

stability of this type of DAC is dependent upon the 
absolute accuracy of the resistors and their ability to 
track eacH other versus temperature. Since the input re- 
sistors all have different values, it is difficult to obtain 
identical tracking characteristics. Furthermore, since each 
input resistor's value is twice the preceding one, the 
absolute values become quite large. For higher resolution 
DACs it is also difficult, or at least expensive to get good 
stable resistors at such values. The high impedances, as well 
as the speed limitations of voltage switches and operation 
amplifiers, result in the voltage output DAC being 
relatively slow. 

To overcome the problems relating primarily to the 
resistors, an alternate technique utilizing an R-2R resistive 
"ladder" network, shown in Figure 2, is generally used. 
Note, that if one leg of the ladder is connected to the 
reference by the electronic switch and the remaining are 
all grounded, a current is produced in the leg which 
"travels" through the ladder and gets divided by a factor 
of two at each junction. Thus, the contribution of current 
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from that leg (e.g., bit) at the summing junction is binarily 
weighted in accordance with the number of junctions 
through which it has passed. The LSB (least significant 
bit) is therefore on the left in Figure 2. 

One of the most significant advantages of the R-2R 
ladder approach is that the impedance as seen from the 
input to the op-amp is constant (equal to R). Hence, 
bandwidth, etc., do not change with digital setting. Of 
more significance, however, is the fact that all the re- 
sistors are either R or 2R. Note that the accuracy is not 
dependent upon the absolute value of all the Rs, but 
rather only their differences. Similarly, temperature effects 
are only significant with respect to how well all the Rs and 
2Rs track each other, respectively. Since the value of R 
can be any convenient value (0.1 k to 50 k), ladder net- 
works are a natural for monolithic diffusion or deposition, 
which further improve their tracking capability. Also, the 
impedance levels can be kept sufficiently low to minimize 
bandwidth limitations due to stray capacitance. 

Another type of R-2R ladder, voltage output D/A, is 
shown in Figure 3. This circuit is very similar to the one 
just described, except equal value current sources are 
switched into the nodes of the ladder rather than switching 
the "legs" of the ladder between voltages. Simply network 
theory will show that the effect of each current, at e , is 
the same as in the previous circuit, hence they are 
binarily weighted. 

For several reasons, currents may be switched much 
more rapidly than voltages. This gives the current source 
D/A an increase in speed by at least one order of magni- 
tude. Because of this switched current-source R-2R ladder 
D/A is one of the types most often used in high speed 
voltage-output D/As. This technique, because of the R-2R 
ladder and current switching, lends itself to monolithic 
fabrication. 
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Current Output D/As 

This type of D/A can be implemented by generating 
binarily-weighted currents, preferably from active sources, 
and summing these on a common bus. Figure 4 shows a 
block diagram of a D/A using this principle. 
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FIGURE 4 - Currant Output O/A Using 
Weighted Current Sources 

In an actual circuit the switches controlled by the 
digital word input, would simply be current steering 
circuits, not on-off switches as shown. Current from a 
current source would either be steered into the output 
bus or into another node of the circuit. This type of 
switching is the fastest method of current switching 
available; switching speeds of less than a nanosecond are 
possible with emitter coupled logic (MECL). 

The weighted current source D/A technique is also a 
method that can easily be implemented in monolithic 
form. It is the opinion of this author that this system 
offers the best possibility of producing a truly high-speed 
D/A in monolithic form. 

The subject of monolithic fabrication leads us to the 
circuit shown in Figure 5. At the present time Motorola 
is producing both a 6-bit and an 8-bit monolithic D/A 
using this technique (MCI406, MC1408 - see data sheets 
for complete information). In this type of D/A a constant 
current, 1l, is injected into an R-2R ladder. Each of the 
ladder legs are terminated with an equipotential current- 



steering switch. The state of these switches is dependent 
upon the digital word input. In one state of the switch' 
the ladder current in each respective leg is steered into the 
output bus, in the other state the switch steers the leg 
current into ground. In this way an analog current is 
produced proportional to the digital word input. One 
advantage of this system is that current in all portions of 
the ladder is constant at all times and not a function of the 
input digital word In this way the loss of speed due to the 
time constant of the ladder is eliminated. 



HIGH SPEED A/D CONVERTERS 

Analog-to-Digital conversion can be accomplished by a 
myraid of techniques. However, A/D systems capable of 
high speed (less than a micro-second conversion time) are 
limited to a few basic conversion methods. 

There are three general categories in which all high 
speed A/D converters fall. These are Parallel. Serial and 
Combination. In a parallel conversion technique, all of the 
bits are converted simultaneously by many circuits in 
parallel. In a serial type of A/D each bit is converted 
sequentially one at a time. The third category, com- 
bination, is simply a combination of the previous two. 

In general the parallel systems are faster and more 
complex than the serial types. The combination types are 
simply a compromise between speed and complexity. 

The Parallel A/D (Flash) 

In the parallel method, all bits of the digital representa- 
tion are determined simultaneously. It is called the parallel 
method because of the configuration; a bank of voltage 
comparators, each responding to a different level of input 
voltage. This method is also called "Flash" encoding. 
Figure 6 shows the block diagram. 

Characteristic of this configuration, it can be shown 
that for n-bits of binary information the system requires 
2 n -l comparators, and each comparator determines one 
LSB level. Unitl recent advances in the state-of-the-art of 
integrated circuits, this method was prohibitive if "n" 
were very large because of the large quantity of com- 
parators required It is economically more feasible now 
and should be considered where ultra-high speed con- 
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FIGURE 5 - Currant Output R-2R Ladder D/A 
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FIGURE 6 - Parallel A/0 Block Diagram (Flash) 



version is required. As MSI and LSI circuits become more 
and more common., it is very likely that a semiconductor 
manufacturer could produce a one chip A/D of 4-6 bits 
on one monolithic IC. It is the opinion of this author that 
this is an interim.solution at best because the performance 
of such a device could not match those of the discrete 
circuits. And there are other techniques, some of which 
will be discussed later, that suggest more attractive per- 
formance specifications per nano-acre than that of the 
Flash system at lower cost. 

One disadvantage of this system is that the output of 
the comparator bank is not directly usable information. 
These 2 n -l outputs must be converted to binary infor- 
mation in some sort of binary code. (For more information 
on coding, see Appendix B.) For large values of n, the 
massiveness of the conversion logic not only increases 
cost and complexity, but requires more successive stages, 
thus increasing the conversion time. 

The parallel converter is essentially asynchronous by 
the nature of its construction, and can be used effectively 
in both multiplexing or continuous tracking mode. It 
should be noted that often times a set of latches and 
a clock are added to this system to store and up-date the 
output in a clocked manner. This is done because the 
output of the Flash system can give erroneous glitches 
during a change from one value to another. 

Specific requirements of the complete system determine 
the type of comparator needed. With this system since 
2 n -l comparators are used, the total input bias current of 
the system is one of the comparator's input bias currents 
multiplied by 2 n -l. This figure can be quite high if "n" 
is on the order of 6 to 8 bits. 

Most comparators and digital logic circuits have a rela- 
tively fixed propagation delay. If parts are selected with 
this feature, the system can be preloaded. This means 



that a new signal can be injected to the system before the 
system has had time to completely convert the previous 
signal. While one signal is propagating through the digital 
logic a new signal is applied to the comparators. The digital 
logic operates on this signal while the comparators convert 
a new signal. This procedure will, in effect, decrease the 
total conversion time However, it must be attempted 
with great care, since timing problems can arise in this 
sort of configuration. 

Tracking Type of A/D 

The Tracking A/D derives its name from the fact that 
the digital output continuously "tracks" the analqg input 
voltage. This type of A/D is usually used in communi- 
cations systems or some other application where the input 
is a continuously varying signal. 

The Tracking type of A/D is one of several systems 
that use a Digital-to-Analog converter (D/A) in a feedback 
path to make an A/D. With this type of converter the 
accuracy can be no better than the D/A being used, 
(usually 6-10 bits). 

Figure 7 shows the block diagram of the Tracking type 
A/D. There are two operating modes of the Tracking A/D. 
The first of these is when the A/D is "locked" on the 
signal and is "tracking" with it. The system will stay 
"locked" onto the signal as long as the signal does not 
increase or decrease in amplitude faster than the A/D 
system can "track" with it. The other mode of operation 
occurs when the system is just turned on or the signal has 
changed amplitude faster than the A/D could follow. When 
this occurs the system is "out of lock" and the A/D 
generates a staircase, in the direction of the input siganl 
change, until it again reaches the input voltage and acquires 
"lock" again. Figure 8 shows the waveform generated by 
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the output of the D/A and the input signal plotted on the 
same set of axes. This figure shows both the "locked" and 
"out of lock" conditions. 

Conversion time, for this type of A/D is a very nebulous 
thing. As long as the A/D is "locked" onto the signal, the 
conversion time is now the time required for the system to 
acquire, lock again. This time will vary, depending on the 
absolute value difference between the output voltage of 
the D/A and the input signal. One can see from this that 
this system would be good if the requirement is to con- 
tinuously monitor a slowly changing signal. If, however, 
the input signal varies in steps, as the case of several 
different signals being multiplexed, this particular system 
would not be a proper choice. 

In operation the D/A generates a voltage output with a 
possible 2 n discrete step, the value of this voltage being 
directly proportional to the digital "word" that is on the 
digital inputs of the D/A. A comparator in the system 
compares the output of the D/A to the input voltage and 
gives an output signifying whether the input is above or 
below the D/A voltage. 

Also included in the system is an n-bit up/down counter 
and a free-running oscillator or clock. The "n" outputs of 
the up/down counter are connected to the input of the 
D/A, thus determining its output voltage. The "n" outputs 
of the counters are also the digital output of the A/D 

The output of the comparator causes the up/down 
counter to count either up or down, depending on the 



state of its output. Thus, the output of the D/A will 
change in discrete steps (depending on the output of the 
up/down counter) in such a manner that will always tend 
to decrease the absolute value of the difference between 
the input voltage and the D/A output. In this condition the 
system will give a parallel digital output which tracks the 
input signal's amplitude 

The speed, and hence the conversion time, of the 
system is dependnet on the settling time of the D/A. With 
a monolithic D/A, about the best one can expect is 200 
to 300-nonoseconds for the system to settle to 8-bit 
accuracy. If the rest of the system is capable of higher- 
speeds, then the D/A is the limiting factor in the A/Ds 
conversion time. 

With a D/A settling time of 300-nanoseconds, and 
allowing another 1 00-nanoseconds for the response of the 
comparator, the maximum speed the system can be oper- 
ated at, for 8-bit accuracy, is approximately 400-nano- 
seconds. Therefore, this system can give a conversion, 
while it is in lock, in 500 nanoseconds This is quite fast 
for a serial type of converter. 

The problem with this system, however, is the time it 
takes the A/D to reacquire lock once the signal is lost In 
the absolute worst case, it could take 2 n clock pulses! 
This is very poor indeed. In order to prevent this con- 
dition in operation, the slew rate of the input signal must 
be limited. 

In most applications, the operational characteristics of 
the Tracking A/D are undesirable. However, there are 
applications where its "unique" features are not detri- 
mental and in these cases the Tracking type of A/D can 
be a very powerful, economical system. 

Motorola will soon offer a new IC which is useful in 
implementing the Tracking A/D converter technique. The 
type MCI507L contains a high-speed op amp and a dual 
threshold comparator with separate UP and DOWN out- 
puts. Both thresholds may be adjusted simultaneously by 
varying a reference voltage input. 

Combining the MCI 507 with either a MC1506L or 
MCI508L-8 D/A Converter and a pair of UP/DOWN 
counters produces a relatively inexpensive tracking con- 
verter. The MCI 507 data sheet also shows a method of 
speeding up the clock to hasten the conversion time under 
the conditions when the system gets out of lock. This 
option requires use of a second MC1507 function block 

Successive Approximation A/D 

The Successive Approximation (S/A) type of A/D is a 
serial system which uses a D/A in a feedback loop. It is 
relatively slow compared to other types of high-speed 
A/Ds, but its low cost, ease of construction, and system 
operational features more than make up for its lack of 
speed in many applications. It is by far the most widely 
used A/D system in use today. 

Figure 9 shows the block diagram of the system. In 
operation, the system enables the bits of the D/A one at 
a time, starting with the most significant bit (MSB). As 
each bit is enabled, the comparator gives an output 



3-32 




S/A 
Storaga 
Ragistar 



Output 



FIGURE 9 - Succaniva Approximation Block Diagram 



signifying that the input signal is greater or less in ampli- 
tude than the output of the D/A. If the D/A output is 
greater than the input signal, the bit is "reset" or turned 
off. The system does this with the MSB first, then the 
next most significant bit, then the next, etc After all the 



bits of the D/A have been tried, the conversion cycle is 
complete At this time, another conversion cycle is started. 
The operation of the system can easily be understood by 
referring to Figure 10. This cartoon shows the system in 
actual operation. 




FIGURE 10 — Sueeaniv. Approximation 
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At the start of the conversion cycle, the MSB of the 
D/A is enabled, presenting a voltage to the comparator of 
half-scale or V re f/2. The comparator makes a decision as 
to which of its two inputs are greater and gives the ap- 
propriate output, a high if Vj„ is the greater and a low if 
the D/A output voltage is the largest. The S/A storage 
register then turns off the MSB if the comparator is low. 
This process is repeated sequentially for each bit of the 
system. 

In the example of Figure 10, we see the MSB was en- 
abled and was less than V m . Therefore, the MSB was left 
and the second MSB was enabled. When the second MSB, 
or V re f/4, was added to the magnitude of V re f/2, the 
sum was greater than Vj n . Therefore, the second MSB, 
V re f/4, was disabled (as shown in the cartoon). Next, 
the third MSB was tried and the sum was less than V m so 
that the bit was left high. At the present time, the storage 
register is turning on the fourth MSB, or V re f/16. We see 
that the sum will surpass Vjp and the comparator is getting 
ready to "disable" the fourth MSB. In this example, we 
have only shown four bits, but the operation can be ex- 
tended to as many as desired. After the conversion cycle 
has completed the address of the D/A is the parallel binary 
word output of the A/D. 

The serial output of the system is taken from the out- 
put of the comparator. While the system is in the con- 
version cycle, the comparator output will be either low or 
high, corresponding to the digital state of the respective 
bit. In this way, the Successive Approximation A/D gives 
a serial output during conversion and a parallel output 
between conversion cycles. 

Speed and accuracy of this type of A/D are directly 
dependent upon the D/A specifications. Typical S/A 
systems will convert in 200 to -500-ns/bit and have bit 
accuracies of 6-1 2 bits. As stated earlier, the S/A system 
is a very popular type of A/D. The modular and hybrid 



producers use this system extensively, and it is available 
in modular form from many sources. 

During the discussion of the S/A system, and on the 
block diagram, reference was made to a Successive Ap- 
proximation storage register. This block can be an MSI 
integrated circuit which performs all of the digital logic 
and storage functions for the S/A type of A/D. 

With the availability of the MIS storage registers and the 
advent of the low cost, monolithic D/As, the S/A system 
is becoming an even more attractive system. The S/A 
gives the best combination of speed and accuracy per unit 
cost of any A/D available. 

Parallel Ripple A/D 

The Parallel Ripple A/D technique was developed to 
decrease the amount of hardware required to implement 
the standard Parallel converter without increasing the con- 
version time drastically. The system sacrifices some speed 
in return for a considerable reduction in cost and 
complexity. 

Figure 1 1 shows the block diagram of the Parallel 
Ripple type of A/D. Basically, the system consists of two 
each, m-bit Parallel converters, and an m-bit D/A. The 
total system has an n-bit output, where n = 2m. In this 
system both the parallel converters and the D/A-subtraction 
circuits must be n-bit accurate!. 

In operation, the A/D converts the first m-bits of the 
output by the standard flash technique. As in most A/D 
systems, the output of the first m-bit Flash encoder is a 
digital word representing the largest number of discrete 
quantums that does not exceed the input signal. 

The output of the first Parallel converter is used not 
only as the first m-bits of the output word, but is also 
used to address the D/A in the analog subtraction section. 
The output of the D/A gives a voltage output that is equal 
to the highest discrete level that does not exceed the input 
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signal. This voltage is subtracted, by analog means, from 
the input signal. The remainder is then fed to another 
m-bit Flash encoder which converts the remaining m-bits 
of the system. In an actual system, either the thresholds 
of the second set of 2 m -l comparators must be scaled 
down by a factor of 2 m , or the remainder signal must be 
amplified by 2 m . 

As can easily be seen, the time required to complete a 
conversion is the sum of : 

1 . Time required for first m-bit conversion 

2. Time for D/A to settle to required accuracy 

3. Time to complete analog subtraction 

4. Time required for second m-bit conversion 

Since the first m-bits arrive at the output ahead of the 
second, and the system uses the Parallel technique, the 
name of Parallel Ripple was coined. 

As stated earlier, at the present time no one is producing 
a monolithic A/D of any type. However, this scheme, and 
the other types of A/Ds about to be described, offer the 
possibility of monolithic fabrication of an A/D system. 
With present technology the system would probably have 
to be divided into several parts, each of which could be 
integrated. As the capabilities of the manufacturers con- 
tinue to increase, a one chip, high speed A/D becomes 
more and more feasible. 
VTF A/D System 

The Variable Threshold Flash A/D converter is a clock- 
less, non-synchronous type of A/D which gives a binary 
output, requires only one comparator per bit, and needs no 
decoding of the comparator outputs. 

Primarily, the advantage of the VTF system over other 
types of A/Ds is the capability of high speed conversion 
coupled with low parts count and low cost. Also, the 
unique method that the system uses for conversion gives 
it added versatility. More will be said about this later. 
In addition to the above, the VTF type of A/D lends itself 
to monolithic fabrication. 

Basically the VTF system is a "flash" approach with the 
addition of feedback. The addition of the feedback reduces 
the number of comparators required for an n-bit system 
from 2 n -l to n. Like the flash method, n comparators 
have their thresholds initially set at the binary weightings 
of the reference voltage. That is, the threshold of the 
MSB is set at V re f/2; the threshold of the second MSB is 
set at V re f/4, etc.* (See AN-47 1 ). 

In VTF operation, however, the comparator threshold 
voltages are changed at appropriate times and in such 
manner that their outputs are made to count in the proper 
code. Note that the VTF system may be set up to count 
standard "binary". Grey code, BCD or several other 
codings. 

Figure 1 2 shows a block diagram of a 3-bit A/D using 
the VTF principle. Operation of the system may be easily 
understood if we look at each of the threshold determining 
circuits as a D/A converter. Note that only a one-bit D/A 
is needed for the MSB, a two-bit D/A is required for the 
second MSB, a three-bit for the third MSB, etc. The reason 
for this is shown in Figures 13(a) and 13(b). Figure 13(a) 
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lists all of the possible states of a three-bit binary code. 
Figure 13(b) shows the level where each respective bit is 
high; the shaded areas representing the input voltage range 
for which the bit is high and the non-shaded areas the 
range of a low state. 

It can be seen that there are 2 n separate areas for each 
bit, counting both shaded and non-shaded areas, where 
"n" is the bit number starting with the MSB as 1. An n 
bit D/A has 2" possible output levels. Therefore, the 
system requires an n-bit D/A for bit number "n".This 
can be generalized to any number of bits. 

Figure 13(b) shows that the first (lowest) transition of 
bit number n, occurs at the level of V re f/2 n . Therefore, 
the lowest value of the comparator threshold for the bit 
is V re f/2 n . This corresponds to the level out of the D/A 
with the least significant bit energized. For this reason the 
LSB of each D/A is always left on. 

Using the above rules, the MSB uses a 1-bit D/A which 
is always on. This gives, in effect, a constant voltage equal 
to V re f/2 as the threshold voltage of the MSB comparator. 
As can be seen in Figures 1 2 and 1 3, the threshold of the 
MSB does not change. 

The second most significant bit uses a 2-bit D/A, (no 
pun in tended). The LSB of this D/A is always on, giving a 
threshold of V re f/4 to the second MSB comparator. The 
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other input of the D/A is connected to the output of the 
MSB comparator. The other input of the D/A is connected 
to the output of the MSB comparator. This means that the 
threshold of the second MSB comparator will have two 
possible states, V re f/4 and 3V re f/4. 

The third MSB uses a 3-bit D/A with the LSB always 
high. This gives nominal threshold for the third MSB of 
V re f/8. The two other inputs of the D/A give a com- 
bination of three additional possible states of the third 
MSB comparator's threshold, givinga total of four states - 
Vref/8, 2V ref /8, SV ref /8 and 7V ref /8. 



This process may be extended to as many bits as desired. 
Note that the addition of more bits to the system in- 
creases the compleixty of the additional bits only. The 
MSB is the same for a one-bit system as a ten-bit system. 
The second is identical in a two-bit as an n-bit, etc. 

As an example of how the system operates, let us 
assume that the circuit of Figure 1 2 is in a steady condition 
with a zero volts on the input. The circuit is set up with a 
full scale of 8-volts. This gives the LSB a value of 1 volt. 
At time t| a step input is initiated of 5.0-volts. Figure 
14(a) through (f) show the waveforms of the system as it 
"converts" the step input voltage to the digital word 
(101) output. 

For the purposes of this discussion, the propagation 
times of the comparators, t c , are all equal. Also, the 
settling times of the D/As, td/A> are identical and equal 
tot c . 

Figure 14(a) shows the threshold of the MSB com- 
parator and the input voltage, Vj n . The output of the 
MSB is shown in Figure 14(b). Figures 14(c) and (d) and 



14(e) and (f) show the same points for each of the other 
two bits respectively. 

From time to to t ) the input voltage to the system Vj n 
is zero volts. The threshold of the comparators are at their 
lowest states, namely, 4, 2, and 1-volt respectively. As the 
input voltage is below all of the thresholds the outputs of 
the comparators are all low. 

At time, tj, the input voltage is stepped to 5.0-volts. 
The input being greater than each of the respective 
threshold voltages, causes all of the outputs to go high. 
Therefore at time, t] + t c i, all of the bits are high. The 
output of the MSB is one input to each of the D/As on the 
two least significant bits. Also, the output of the second 
MSB is one input of the LSB's D/A. These voltages on the 
D/A inputs cause the threshold of the second MSB to go 
to six volts and the LSB threshold to go to seven volts. 
At time, t) + t c + td/A. the thresholds of the two least 
significant bits are at 6 and 7-volts respectively. 

Since at this time the input voltage is less than the 
2nd MSB's comparator and LSB's thresholds, both of the 
two least significant bits of the A/D go to a low. Because 
the output of the second MSB is an input to the LSB's 
D/A, the threshold of the LSB again changes. At time, 
M * 'cl + 'd/Al + l c2 + l d/A2 the threshold of the LSB 
is at 5.0-volts. As 5.0 is less than the 5. 1 -volts input, the 
output of the LSB goes high. The conversion is complete 
at time t) + t c ] + td/Ai + t c 2 + <d/A2 + <c3- Thus . at this 
time, the data on the outputs of the comparators is the 
digital representation of the input voltage. 

The data at the output of the MSB is valid one com- 
parator delay after the input has been applied. The reason 
for this is the fact that the threshold of the MBS never 
changes. 

The threshold of the second MSB is dependent on the 
state of the MSB. Therefore, the threshold voltage of the 
second MSB cannot be assumed to be accurate until one 
D/A settling time after the MSB reaches its final state. The 
output of the second MSB requires one comparator delay 
in addition to this. Because of this, the output of the 
second MSB cannot be guaranteed to be valid until two 
comparator delays and one D/A settling time after the 
input has been applied. 

This process can be repeated through all of the stages of 
an n-bit system, giving a time necessary to guarantee the 
accuracy of a given bit. It is, however, easy to generalize 
the process by the formula: 

t = nt c + (n-l)t d / A (1) 
where n is the bit number, t c is the propagation delay time 
of a comparator and td/A is the settling time of a D/A. 

Because of the above phenomenon, in operation the 
VTF A/D system converts the most significant bit first, 
then the second, etc. This means that if the output were 
taken before the A/D had completely converted the 
answer, the error would be in the least significant bits 
only. This appears as error and rolls off the amplitude of 
the signal output so that it appears as though the system 
were bandwidth limited. This means that the converter 
can give useful information before the A/D system has had 
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time to guarantee a complete conversion. Most A/D con- 
verters of this speed capability will give a completely 
unpredictable answer if the output is taken before the 
system has completely converted. 

It should be noted here that the VTF A/D does not 
always require the time given by equation (I). The system 
can give the correct answer in as little as one comparator 
delay. The time required to give the complete conversion 
is a function of the amount of change of V m since the last 
conversion. For example, if Vj n only changes 1 LSB, the 
worst -case conversion time is two comparator delays and 
one D/A settling time. 

The system as described here is a clockless, non- 
synchronous type of A/D. In this type of system, the 
converter output follows the input and the output can go 
through false states during the conversion. If desired, the 
VTF A/D system could be made into a completely 
synchronous, clocked type of system by adding digital 
delay circuits plus an analog delay time. 

Synchronous VTF A/D System 

Figure 15 shows the VTF system in a clock synchronous 
configuration. This circuit is identical to the one described 
earlier and shown in Figure 12, except for the addition of 
the D-type flip-flops and the analog delay lines. The 
advantages of this system is that after an initial n-clock 
period propagation delay, the output of the A/D gives a 
complete conversion every clock pulse thereafter. The only 
requirements being that the delay of the analog delay line 
must be equal to the clock period, and that period must 



be greater than the sum of one comparator delay and one 
D/A settling time. 

The purpose of the analog and digital delay circuits is 
to allow the more significant bits to make another com- 
parison before the least significant bits have completely 
converted. For example, let us assume the circuit is setting 
at zero and a signal input is applied as a step function. The 
value of the step input changes every clock period to a 
new value. This waveform is shown in Figure 16(b). 

As described in the non-synchronous system, the MSB 
comparator output is valid after one comparator delay. 
This output is fed to all of the successive stages to change 
the other bit's respective thresholds. In the non-syn- 
chronous system the input signal must remain constant 
until the system has had time to complete the conversion. 
However, in the synchronous system the output is stored 
in a flip-flop and the output of the flip-flop is fed to the 
successive stages. This allows the MSB to give a new output 
without waiting for the rest of the system to complete 
the conversion. 

This process is repeated through all of the stages of the 
A/D. In this manner the A/D can, after an initial n-clock 
period delay , give a complete conversion every clock period. 

Figures (a) through (n) show waveforms of the system 
in operation. The delays are shown and one can see how 
the system gives a complete conversion every clock period. 

As can be seen from the block diagrams of the systems 
and the above discussion, the VTF technique gives the 
simplest, lowest cost, and lowest parts count, high speed 
A/D that can be built with today's technology. Also, the 
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fact that the VTF A/D can be built in monolithic form 
could give the system an added benefit to the user who 
desired to fabricate a high-speed A/D. 

A 6-bit A/D using the non-synchronous system has 
been constructed at Motorola's Application Facility. Using 



MECL III Comparators and discrete part D/As, a worst- 
case conversion time of 60 nanoseconds was achieved. It 
is not unreasonable to expect the synchronous system to 
give an 8-bit conversion in 15 ns, at a cost of less than 
$250! 



APPENDIX A 
GLOSSARY OF ANALOG-TO-DIGITAL 
CONVERSION TERMINOLOGY 



The terminology used in the literature pertaining to 
analog-to-digital conversion can be somewhat confusing to 
one that has not worked in this area. The following is a 
list of some of the terms and the author's interpretation of 
their meaningthat may be useful in reading this report and 
other papers on this subject. 

CONVERSION TIME 

In general, conversion time is that interval required for 
the converter to generate a digital representation of the 
input voltage. For programmed converters, conversion 
time is the elapsed time between a command to perform a 
conversion, and the appearance at the converter output of 
the complete digital representation of the input voltage. 
For continuous tracking encoders, conversion time is the 
interval between a significant change occuring at the input, 
and that point at which the output settles to its new value. 
If an amplifier is used to drive the converter, the settling 
time of the amplifier is also to be included in the con- 
version time. 

CONVERSION RATE 

Conversion rate is a measure of the frequency at which 
conversions are made. It must take into account not only 
the conversion time, but recovery time as well, and will 
usually be less than the reciprocal of conversion time. 



BIT-PERIOD 

The bit-period is determined by dividing the conversion 
time by the number of bits employed in the conversion. 
A bit-period of less than two microseconds per bit is 
generally considered to be high speed operation. 

ENCODER 

An encoder is an analog-to-digital (A/D) converter. It 
is also referred to as a digitizer, or as a quantizer. 

DECODER 

A decoder is a digital-to-analog (D/A) converter. (More 
commonly a monolithic D/A converter.) 

AMPLIFIER SETTLING TIME 

Amplifier settling time is the interval required for the 
output of an amplifier to become stable after the applica- 
tion of a step-function input. An output is considered 
stable when it has recovered from its transient response to 
.such a dgreee that its output approaches its steady state 
value within plus or minus one least significant bit(LSB). 
Total settling time may include sample and hold time, 
multiplexing time, converter settling time, plus the actual 
conversion time. Conversion time specifications must be 
read carefully as some may include all, and others only 
part of the above mentioned. 
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Note that in a lS-bit system, the RC time constants 
must be multiplied by at least 12 before the settling 
time error can be ignored. With each time constant period, 
the error decreases about 36%. After ten time constants, an 
exponential voltage is 0.005% away from the full value. 

APERTURE 

Aperture is the amount of uncertainty about the exact 
time when the encoder input was at the value represented 
by a given output code. In general, the aperture is equal 
to the conversion time. However, with the use of a sample- 
and-hold circuit as an input network, the aperture can be 
reduced, since more information is known about when the 
input sample was obtained relative to the timing of the 
output result. 

QUANTUM LEVEL 

In an n-bit encoder there are exactly 2 n different states. 
If the analog reference voltage is divided into 2" parts 
then one part represents a quantum of voltage. The 
reference voltage is quantized into 2 n quantum levels 
where each quantum level is represented by one of the 
2 n binary states in an n-bit quantizer. 

The error of quantization is a function of the number of 
bits in the converter. An A/D converter is normally ad- 
justed for the center of each of the binary weighted steps; 
hence, the error of quantization is at most one-half of a 
significant bit (1/2 LSB). 

RESOLUTION 

Resolution is the ability of the converter to distinguish 
between adjacent values of the quantity being measured. 
Normally the resolution would be considered to be limited 
only by the number of bits carried. In practice, however, 
the ultimate resolution of a given design is limited by the 
noise in the various analog and switching circuits, and by 
the linearity and monotonicity of the converter. Specifi- 
cations for the resolution of a converter should be com- 
patible with the number of bits and vice-versa, otherwise 
the specification would imply that the readings convey a 
higher degree of resolution than could actually exist. 

ACCURACY 

Accuracy must include all of the sources of errors 
(quantization, non-linearily, noise, and short term drift). 
Relative accuracy is often defined as the deviation from a 
straight line passing through zero and the nominal full 
scale value (very similar to linearity). A typical accuracy 
specification might be 0.05% ± 1/2 LSB at +25°C. 

Long term stability, not included in the accuracy 
specification, defines the additional error introduced be- 
cause of component aging. It is measured over a period of 
time (generally one to three months) at a fixed ambient 
temperature. A typical long term stability specification 
might be ±0.005%/90 days at +25°C. 

PRECISION 

Precision relates to the repeatability of successive 



measurements. Precision is limited in practice by noise and 
a small but finite quantization error that always exists in 
some "dead band" at each successive numerical value. When 
the unknown analog voltage lies within any of the dead 
bands around each of the possible values, the repeatability 
can never be greater than plus or minus one least- 
significant-bit. One measure of the quality of the high 
speed analog-to-digital converter is the ratio of the dead 
band to the full quantization level for each value across 
the entire range. 

MONOTONICITY 

Monotonicity relates to an increasing output for every 
increasing value of input voltage. Another way of saying 
this is that the derivative of the output with respect to the 
input is always positive. A converter must be capable of 
producing every coded value within the input range de- 
fined. The accuracy of the various resistors in the digital- 
to-analog converter ladder network and the offser voltage 
in the switching electronics must be minimized, so that the 
sum of the errors for any given number of successive lesser 
significant bits is less than the error produced by the next 
most significant bit; otherwise, it would be possible to 
force non-uniform spacing of the quantum levels and miss 
some of the output codes altogether. Absolute require- 
ments for monotonicity are that all codes are obtainable 
and that the quantization level of each code be within one- 
half of one least-significant-bit of the ideal, linear-related 
quantization level. 

LINEARITY 

Linearity is a measure of the deviation from a straight 
line of a plot of the input-output radio of an analog-to- 
digital converter over its operating range and is usually 
expressed in a percent of full scale. 

STABILITY 

The factor of stability simply relates to the ability of 
the converter to maintain the characteristics (relative 
accuracy, resolution, precision, etc.) over a defined op- 
erating interval. Lack of stability occurs primarily for two 
reasons: drift in the voltage reference and the resistors, and 
drift in the conversion switching networks. 

CONVERSION ERROR 

The discrepancy between the actual output of an 
analog-to-digital converter and the exact digital repre- 
sentation of the quantity being measured at the instant of 
measurement is conversion error. It is generally one-half 
of the value represented by the least-sigruficant-bit. 

INPUT IMPEDANCE 

The input impedance of the converter system is the 
amount of load that the ADC represents to its source, the 
quantity being measured. A typical comparator with a 
50 MSI input resistance will load a source resistance of 
1 kn sufficiently to introduce an error of 0.002%. 
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SYSTEM TEMPERATURE COEFFICIENT 

The system temperature coefficient in the worst case is 
the sum of the contributions of each of the component 
temperature coefficients. One must be careful in reading 
A/D converter specifications to avoid being misled by the 
"RMS-trick". RMS calculations are good when a large 
number of terms are included, but are not valid when only 
a few elements are present. Consider the following as an 
example of this mis-specification: 

Voltage Reference TC = 0.0006%/°C 

Voltage Comparator TC = 0.0005%/°C 

Ladder Resistor TC = 0.0003%/°C 

Algebraic Total = 0.001 4%/°C 

(rms total) 2 = (0.OO6) 2 + (0.005) 2 

+ (0.003) 2 
= 0.00000070 

rms total 0.0008%/°C 

The RMS total is obviously a misleading specification 
when the algebraic total could quite possibly occur since 
the probability that a few things could occur simultane- 
ously is not too small. 



APPENDIX B 
CODES AND NUMBERING SYSTEMS USED IN 
A/D AND D/A CONVERSION 

Several computational codes or number systems are 
used in data handling machines, the majority of which 
may be categorized as positional notations. Positional 
notation means that any integar may be represented by 
the sum of a number of digits, weighted in value according 
to their position in the notation. 

Using this notation, it is possible to express any integer 
(A) as 

A = a n B n + a n -l Bn-1 + + arjB (1) 

where B is the base or radix of the number system, and 
a n is an integer number. A fractional number may like- 
wise be expressed in the form of equation I by using 
negative exponential powers. The three commonly used 
bases are 10 (decimal system), 8 (octal system), and 
2 (binary system). 

One of the basic requirements of all positional no- 
tations is that the base of the code equal the total number 
of digit symbols, all possible values of a n , used to represent 
the coded numbers, a n is a digit between and (B-l), 
where again B is the radix of the number system. 

Decimal 

The decimal system uses 10 symbols (0, 1, 2, 3, 

8, 9); therefore, from our previous discussion the base of 
the decimal system is 10, and any integer (A) can be 
represented as 

A = a n t0" + a n _i 10"-' + a n . 2 10"- 2 + . . . + a IO° (2) 



Where aj is an integer between and including and 9 As 
an example, the number 15 to the base 10, which 
symbolically is (l5)io, is represented as shown below. 

(15)|o= 1 x 10 1 +5 x 10° (3) 

Because of itsearly development and its natural associa- 
tion to man (i.e., 10 fingers, 10 toes), the decimal system 
is universally used for human computation. However, 
when the decimal system is used for notational purposes 
in high speed data systems, it becomes clumsy, incon- 
venient, and very inefficient. 

Using the decimal system, electronic circuitry would 
be required to accurately represent ten different states 
corresponding to the ten digit symbols. Circuitry of this 
type is currently unavailable However, many methods now 
exist for representing two independent states electrically. 

Binary 

The binary number system was developed to take ad- 
vantage of the convenience of the 2-state concept which [ 
was just discussed. This system uses the number base 2 
which means that only two digits (0 and I) can be used to 
represent all coded numbers (aj's). As an example, the 
number (15)io represented in base-2 notation is: 
(15)io= 1 x 2 3 + 1 x 2 2 + 1 x 2 1 + 1 x 2° = (lll 1)2(4) 
This illustrates that the binary code sacrifices length of 
notation for simplicity of digital symbolism. 

When the machine language is completely binary, com- 
munication between man and machine is frequently im- 
possible and at very best, messy. To overcome this problem 
a coding system is needed which combines the ease of 
machine computation of the binary system with the 
familiarity of the decimal system. A coding technique that 
combines these features into one code is the binary- 
coded decimal (BCD) system which uses an arbitrary four- 
digit binary code to represent each of the decimal digits 
(0 through 9). 

Binary-Coded Decimal 

One specific binary-coded decimal code is formed by 
using the binary representations of the decimal numbers 
through 9. This is commonly called the 8-4-2-l code. 
The first 16 decimal numbers and their representations 
in the binary and binary-coded decimal system are shown 
in columns one through three in Table I, included at the 
end of this appendix. Using the binary-coded decimal 
code, the decimal number 715 is written as 
7 1 5 

0111 0001 0101 (5) 

or 

(71 5)io = (011 100010101 )BCD (6) 
To convert from binary-coded decimal (BCD) to decimal 
numbers, one has only to make the coded number into 
four digit sections, starting with the least significant 
digit and proceeding to the left, and then apply the 
definition of the binary numbers through 9 to each 
section. 
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Gray 

One binary-coded decimal code which finds wide ap- 
plication in analog-to-digital converters is the unit-distance 
code (also called the Gray Code, after its inventor, and 
also commonly called the "cyclic" or the "Reflected 
Binary Code". 

The Gray Code has the unique property that its states 
area unit-distance apart. That is in going from any decimal 
number (i.e., 1 1) to any adjacent decimal number (10 or 
12) only one binary digit will change value. The fourth 
column of Table 1 illustrates the Gray code representations 
for the decimal number through 15. 

As a matter of general information, the generating 
equation for the magnitude of each one (I) in the Gray 
code is 



j = 

where n represents the digit column in which the one (1) 
appears. The most significant one (1) has a positive sign 
and each of the succeeding ones (l's) to the right will 
have an alternate sign. As an illustration, consider the 
Gray-coded number 1110. 

3 2 1 

(11I0)C= 2)- 2J + 2> 
j=0 j=0 j=0 

= 20+2' + 2 2 + 2 3 -2° -2 1 -2 2 +2°+2' 
= 2 3 + 2° + 2' =(ll)io (8) 



TABLE I 

The Binary. Binary-Coded Decimal, and Oray Coda 
Equivalent! of tha First 16 Decimal Numbers 







Binary Coded 




Decimal 


Binary 


Decimal 


Gray Coi 





OOOO 


OOOO 


OOOO 


OOOO 


1 
2 


0001 
0010 


OOOO 
OOOO 


0001 
0010 


0001 
001 1 


3 


001 1 


OOOO 


0011 


0010 


4 


0100 


OOOO 


0100 


01 10 


6 


0101 


OOOO 


0101 


0111 


6 


01 10 


OOOO 


0110 


0101 


7 


0111 


OOOO 


0111 


0100 


8 


1000 


OOOO 


1000 


1100 


9 


1001 


OOOO 


1001 


1101 


10 


1010 


0001 


OOOO 


1111 


11 


1011 


0001 


0001 


1110 


12 


1100 


0001 


0010 


1010 


13 


1101 


0001 


0011 


1011 


14 


1110 


0001 


0100 


1001 


15 


1111 


0001 


0101 


1000 



Hence, the Gray code for the decimal 11 is 1110. The 
Gray code for the decimal 12 is 1010. Only the second 
most significant digit (bit) changes between the successive 
numbers (II and 12) allowing no ambiguity to exist in the 
digital readout. The point is of reasonable significance 
when decoding is required and erroneous spikes cannot 
be tolerated. 
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AN-713 

Application Note 



BINARY D/A CONVERTERS CAN 
PROVIDE BCD-CODED CONVERSION 



This note describes the application and 
use of integrated circuit D/A converters 
for use in providing a BCD-coded con- 
version. The technique is illustrated using 
a 2-1/2 digit digital voltmeter. 
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Binary D/A converters can 
provide BCD-coded conversion 

You can use IC D/A converters, even though they're binary coded, 
to do BCD-to-analog conversion. It just takes a few extra parts. 



Monolithic digital-to-analog (D/A) converters 
have become very popular because of their 
versatility and low cost. They have one limitation, 
however, and that is that they are all binary 
coded. Thus, they cannot be used directly for the 
many applications where a binary-coded decimal 
(BCD) conversion is required. It is possible, 
though, by adding some external components to 
make a binary-coded D/A converter perform as a 
BCD code converter. 

Two-digit converter 

A 2-digit, BCD-coded voltage-output D/A con- 
verter is shown in Fig. 1. To understand its 
operation, note the 4-bit binary code and cor- 
responding one digit of BCD code shown in Table 
1 . The BCD code and the 0-to-9 of the binary code 
are exactly the same. The 4-bit binary code 
sequences through all 16 steps before the next 
most-significant bit (fifth bit) increments one 
step. However, when counting in BCD the 4-bit 
code will only sequence through ten steps before 
the next most-significant bit increments once. 
This means that 10 least-significant bit steps in 
BCD equal 16 least-significant bit steps in binary, 
assuming the next most-significant bit of both 
codes is the same magnitude.' Therefore, by 
making the four least-significant bits of the 
binary-weighed D/A converter appear larger, 
such that 10 least-significant bit steps equal the 
magnitude of the next significant bit, a BCD- 
coded D/A converter can be effectively produced. 

To make the four least-significant bits of the 
D/A appear larger than normal (Fig. 1), current 
from the node connecting the output of the D/A 
converter and the virtual ground of the op amp is 
used. This virtual ground of the op amp provides 
a very good summing junction. 

In implementing the technique it was found 
that the hardware available made it much easier 
to switch currents into the node than out of it. 
This problem was circumvented by taking a 
constant current out of the node and switching 
currents into it. 

The output of the binary D/A is a current sink, 



with the amount of current depending on the 
reference current input, l„. r , and the digital word 
on its input lines. This is empirically given by: 

■ 

where l„ is the output current, l„. ( is the 
reference current and x is the digital word input. 

The op-amp feedback resistor changes analog 
current l„ to an analog voltage, e„, where: 

e„ = l.,R 

Thus, e„ is directly proportional to l„, namely R 
times. 

The outputs of the CMOS NOR gates appear as 
voltage sources, with 750fl output impedances. In 




- 1M5* 

- 510k 5* 
■ 270k 5% 

• 133k 5* 

- -V/SO.A 

• E, (FULLSCALEI/I^ 
• "V . 



• V„ OF MC14O0I IS CONNECTED TO V., 
• • l - NOMINALLY 2MA 
• • • V - > 5.0V < 7 0V 

Fig. 1— Two-digit »CD D/A converter uses a binary-coded 
monlithic D/A converter as its basic conversion element. 
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TABLE 1 - 4-BIT BINARY VS 1 DIGIT BCD 
BINARY BCD 





1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 




1 
10 
11 
10 
10 1 
110 
111 
10 
10 1 
10 10 
10 11 
110 
110 1 
1110 

1111 




1 
10 
11 
10 
10 1 
110 
111 
10 
10 1 



other words, when the output of a gate is LOW, it 
looks like a 750ii resistor to ground. When the 
output is HIGH, a gate looks like a 750ft resistor 
to V r ,. f . 

If the output of a gate is LOW, the voltage 
across its resistor from the output to the virtual 
ground (R, through R,) is approximately zero. 
However, when the output of a gate is HIGH, the 
voltage across its resistor is V„.,. Therefore, the 
current into the summing node is given by: 




rrl 

' ~ K 

i 

Since the NOR gates function as inverters for 
the digital word input, the outputs of the 
inverters are going to be normally HIGH for a 
ZERO on the input line. Now, if the currents are 
set so that 

'b = I. + I' + 1.1 + <4 

when the input word is all ZEROs, no net current 
will be taken from or added to the summing 
node. If one of the four least-significant bits is 
turned ON, the output of that inverter goes LOW 



and the current through the resistor to the 
summing junction is zero. This requires a net 
current, equal to the amount that was being 
injected into the summing junction by the 
resistor, to be drawn out of the summing 
lunction, causing that bit of the D/A to appear 
larger than it really is. The other three bits work in 
exactly the same manner. 

The only problem now is to determine the 
values of the resistors for proper operation. 

Since the output of the D/A is a direct function 
of the reference current, it follows that the added 
currents must be also. The most-significant cur- 
rent of the D/A is l„.(/2. The second most- 
significant bit current is l r ,.,/4 and so on. Table 2 
shows the value for the current of each bit of the 
D/A and also gives the values needed for BCD 
operation. The difference between the binary 
value and the BCD value must be taken from the 
node to make the binary-weighed D/A behave as 
though it were BCD coded. 

It is interesting to note that making the D/A 
converter act as if it were BCD coded could also 
be achieved if the four most-significant bits of the 
D/A were made to look smaller than normal. The 
reason the system is set up as described is that the 
least-significant bit currents do not have to be as 
accurate as the most-significant bit currents. This 
means that the magnitude of the current sub- 
racted from the summing junction using the 
least-significant bits is not critical. 

Determining allowable current error 

If the BCD-coded D/A converter is to be 




"HALF" 
DIGIT 



1/2 SCALE CAL 



Fig. 2— Addition of a current source and current switch ex- 
pands the 2-digit BCD convener of Fig. 1 into a 2-1/2-digit 
converter. 
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accurate, the maximum amount that any of the bit 
currents can deviate from the ideal value is 50% 
of the least-significant bit current. Since the 
least-significant bit current is larger for BCD than 
for binary, a less accurate D/A is required to give 
2-digit BCD accuracy (100 steps) than for 8-bit 
binary (256 steps). 

Table 2 shows that the value of the least- 
significant bit current for BCD is 0.125 mA. So to 
give the required accuracy, each bit current must 
not deviate from the ideal value by more than 
±0.00625 mA, or 6.25 (xA. 

For an 8-bit binary D/A, assuming a 2 mA ladder 
current, the maximum error that any bit may have 
is 3.9 (iA. Assuming the 8-bit D/A to have the 
worst allowable error on each of the least- 
significant bits, that leaves an error of 6.25 |j.A 
minus 3.9 nA, or 2.35 jaA to be introduced by the 
injected currents. In other words, to insure that 
the 2-digit BCD-coded D/A is accurate, the 
injected currents must be kept within ±2.35 |j.A of 
their ideal value. 

It is easy now to determine the accuracy 
required for the injected currents. The percent- 
age of accuracy is simply the amount of deviation 
allowed, 2.35 (iA, divided by the amount of 
injected current. This is given by: 

% allowable error = 2 35 -j x 100 

amount current iniected 

Using this formula, the injected currents' 
allowable errors are: 
LSB; 50% 
2nd LSB; 25% 
3rd LSB; 12.5% 
4th LSB; 6.25% 

This shows that 5% tolerance resistors are more 
than adequate. Fig. 1 gives the resistor values for 
a 5.0V reference voltage. These values are suf- 
ficient to neglect the output impedance of the 
NOR gates. 

Calibration of the circuit of Fig. 1 is as follows: 
First, Vre, or R rr , is adjusted to give a half-scale 

TABLE 2 - BIT CURRENTS 
BIT NUMBER BINARY BCD DIFFERENCE 



\ 


MSB 


1.000MA' 


1.000MA' 





A , 


2ND 


0.5000 


0.5000 







3RD 


0.2500 


0.2500 





A » 


4TH 


0.1250 


0.1250 





\ 


STH 


0.0625 


0.1000 


0.0375 


\ 


6TH 


0.0312 


0.0500 


0.0188 


A . 


7TH 


0.0158 


0.0250 


0.0084 


A, 


LSB 


0.0078 


0.0125 


0.0047 



2.0000mA 



reading of e„ with only the most-significant bit 
ON. Next, with all bits turned OFF, R , is adjusted 
so that e„ is zero. The D/A is now calibrated. 

2-1/2-digit converter 

In many applications, a 2-1/2-digit BCD-coded 
converter is desired. That is, a circuit that will 
count to 199 rather than to 99. Once the basic 
2-digit circuit has been designed, it is relatively 
easy to add the half digit. Fig. 2 shows such a 
2-1/2-digit circuit. It is identical to the 2-digit 
configuration, except for the addition of a current 
source and a current switch to produce the 1/2 
digit. 

In operation, the circuit should sequence 
through steps to 99 while the 1/2 digit is LOW 
and through steps 100 to 199 while the 1/2 digit is 
HIGH. This means that the 1 /2-digit current is 
equal to 100 least-significant bits of current. If the 
least-significant bit current in the 2-1/2-digit 
circuit is the same as the least-significant bit 
current in the 2-digit circuit previously described, 
the value for the 1/2 digit is 1.250 mA (100x0.0125 
mA). Therefore, the circuit will act as a 2-1/2-digit 
BCD-coded D/A if the 1/2-digit switch sinks zero 
current for the first 100 counts (0 to 99) and sinks 
1.250 mA for the second 100 counts (100 to 199). 

The 1/2-digit current is added in the same 
manner as the least-significant bit currents were 
added in the 2-digit system. Namely, a constant 
current, l„, is sunk from the summing node, and 
the various currents, I, through I-,, are switched 
into the node. For the 2-1/2-digit circuit, l„ is 
obtained by: 

l„ = I, + I, + | a + l 4 + l 5 
where I, through l 4 are identical with their 2-digit 
system counterparts. 

The tolerance of l B to assure that the D/A 
remains accurate is 2.35 jiA. This is the same value 
as that derived in the 2-digit section. Since l H is 
much larger for the 2-1/2-digit system, the 
percentage tolerance of \„ is much more critical. 
If the values for I, through lj shown in Table 2 are 
summed with the value of l 5 , we have; 

l„ = 4.7 jj.A + 9.4 u.A + 18.8 yiA + 37.5 uA- + 

1250 jjlA = 1320 m-A. 
If l H can only vary ±2.35 (iA, its tolerance is 
±0.18%. 

In the 2-digit system, current l H could be 
produced simply by a resistor from the summing 
node to the negative supply because the sum- 
ming node is a virtual ground. Once the system is 
calibrated by adjusting R 5 , current l„ is constant 
except for changes caused by variations in the 
negative supply voltage. 

In the 2-1/2-digit system, a circuit is needed that 
will sink current from the summing node without 
being referenced to the negative supply voltage. 
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DISPLAY 



Fig. 3 — 2-1/2-digil DVM uses a binary D/A convener lo accomplish conversion ol a BCD digital inpul signal 



One circuit thai fills the need is the operational- 
amplifier current source shown in Fig. 2. 

There is one other difference between the basic 
2-digit system and the 2-1/2-digit circuit. In the 
2-1/2-digit implementation, a CMOS hex-inverter 
is used instead of a quad 2-input NOR gate 
package. This is because the 2-1/2-digit system 
requires five switches. 

The 2-1/2-digit system is calibrated as follows: 

a) Attach an accurate DVM to the output, e„. 
With all inputs LOW, adjust ZERO CAL 
potentiometer for a zero reading of e„. 

b) Put a HIGH input only on the most- 
significant bit of the monolithic D/A (0 1000 
0000), then read and record e„. 

c) Put a HIGH input only on the 1/2 digit and 
adjust the 1/2 SCALE CAL potentiometer to 



give exactly 1.25 times the reading of the 
previous step. 

d) With all inputs LOW, readjust the ZERO CAL 
potentiometer for an e„ of exactly 0V. 

e) Finally, input the BCD word for 199, (1 1001 
1001) and adjust the F.S. CAL for the desired 
full-scale reading. 



DVM shows application 

Fig. 3 shows how the technique can be 
incorporated into a 2-1/2-digit digital voltmeter. 
The circuit uses the staircase type of conversion, 
with the staircase being produced by the 2-1/2- 
digit BCD-coded D/A and the BCD counters. The 
MLM301A is used as a comparator to compare the 
staircase to the input signal. □ 
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Application Note 



A/D CONVERSION SERIES - PART 5 



Recent advances in integrated circuit 
design and technology have resulted in 
reduced cost of high performance succes- 
sive approximation analog to digital con- 
verters. This note describes and illustrates 
two examples of how modern IC com- 
ponents have changed this well known 
technique. 
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A/D CONVERSION SERIES - PART V 



SUCCESSIVE APPROXIMATION 
A/D CONVERSION 



INTRODUCTION 

This treatise concerns the Successive Approximation 
type of analog-to-digital converter. The questions of why, 
where, and how to use the S/A system will be discussed 
along with the basic theory of operation and analysis. In ad- 
dition, some of the recent advances in monolithic state-of- 
the-art devices applied to the S/A system will be described. 

HISTORY 

Through the years the Successive Approximation type 
of A/D has established itself as the most popular system 
for medium speed applications; that is, conversion times 
on the order of 500 ns/bit. There are several reasons for 
the dominance of the Successive Approximation or S/A 
system. Namely, the system has some very desirable oper- 
ational features in addition to a high speed/accuracy 
product. All this coupled with low system cost and ease 
of construction account for the system's popularity. Also, 
like all of the A/D systems which make use of a D/A con- 
verter in a feedback loop, the critical , accuracy determining 
components are in the D/A itself. This means one need 
only purchase a D/A with the desired speed and accuracy 
specifications and not have to be concerned with these 
parameters; a very desirable feature indeed! 

With the advent of the monolithic D/A several years 
ago, the S/A system received an additional shot in the arm. 
Not only did the monolithic D/A's simplify the construc- 
tion, but substantially decreased total system cost while 
increasing both reliability and temperature performance. 

Recently another product has appeared on the market 
which makes the S/A system even more attractive. A digi- 
tal MSI function known as the Successive Approximation 
storage Register or SAR. This block contains all of the 
logic and digital circuitry required to make an S/A type of 
A/D system. As with the case of the monolithic D/A, the 
SAR makes the S/A system more economical, easier to 
construct and increases the total system reliability. An- 
other advantage of the SAR is that it reduces the total 
system power significantly. 

THEORY OF OPERATION 

As the theory of operation of the S/A type of A/D is 
quite well documented and available in many texts on 
A/D systems, it will not be dealt with rigorously here. 



However, a brief outline of the basic system operation 
will be given in order to define our terms for the succeed- 
ing portions of the article. 

Figure 1 shows the basic block diagram of the system. 
In operation, the system enables the bits of the D/A one 
at a time, starting with the most-significant-bit: (MSB). 
As each bit is enabled, the comparator gives an output 
signifying that the input signal is greater or less in ampli- 
tude than the output of the D/A. If the D/A output is 
greater than the input signal, the bit is "reset" or turned 
off. The system does this with the MSB first, then the 
next most significant bit, then the next, etc. After all the 
bits of the D/A have been tried, the conversion cycle is 
complete. At this time, another conversion cycle is started. 




Voltage Output 
D/A 





Clock 







Serial 

Output 



FIGURE 1 - Basic Block Diagram o» Successive Approximation 
A/D System 



The operation of the system can easily be understood by 
referring to Figure 2. This cartoon shows the system in 
actual operation. 

At the start of the conversion cycle, the MSB of the 
D/A is enabled, presenting a voltage to the comparator of 
half-scale or V re f/2. The comparator makes a decision as 
to which of its two inputs are greater and gives the ap- 
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propriate output, a high if Vj n is the greater and a low 
if the D/A output voltage is the largest. The S/A storage 
register then turns off the MSB if the comparator is low. 
This process is repeated sequentially for each bit of 
the system. 

In the example of Figure 2, we see the MSB was en- 
abled and was less than V m . Therefore, the MSB was 
left on and the second MSB was enabled. When the second 
MSB, or V re f/4, was added to the magnitude of V re f/2, 
the sum was greater than Vj n . Therefore, the second MSB, 
Vref/4' was disabled (as shown in the cartoon.) Next, the 
third MSB was tried and the sum was less than V m so that 
bit was left high. At the present time, the storage register 



bit. In this way, the Successive Approximation A/D gives 
a serial output during conversion and a parallel output 
between conversion cycles. 



IMPLEMENTATION 

Figure 3 shows a schematic diagram of an S/A type 
A/D using a monolithic D/A and a CMOS SAR. The system 
requires a total of 4 IC's at a system cost of less than $20. 
As shown, the system operates on +5 and -15 volt sup- 
plies, requires approximately 200 mW of power, and will 
operate at 2 ^s/bit conversion rates. 

With the exception that a current output D/A is being 




FIGURE 2 - Arwlosv of an S/A Type of A/D System 



is turning on the fourth MSB, or V re f/|(,. We see that the 
sum will surpass Vj n and the comparator is getting ready 
to "disable" the fourth MSB. In this example, we have 
only shown four-bits, but the operation can be extended 
to as many as desired. After the conversion cycle has com- 
pleted the address of the D/A is the parallel binary word 
output of the A/D. 

The serial output of the system is taken from the out- 
put of the comparator. While the system is in the conver- 
sion cycle, the comparator output will be either low or 
high, corresponding to the digital state of the respective 



used, the circuit shown in Figure 3 operates exactly as 
described in the theory of operations section. 

In operation, the input voltage Vj n , drives an MLM301 A 
op amp connected as a non-inverting, unity-gain buffer. 
This is simply to translate impedances so that the im- 
pedance of the driving source has no affect on the 
A/D's output. 

The output of the D/A is a current sink proportional 
to the reference current l re f and the digital word on the 
address lines of the D/A; inputs Al thru A8. The digital 
word input to the D/A will be represented by X. 
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(1) Io-WX 

and 

(2) l r ef = V re f/Ri 

Where I Q is the output current sink of the D/A. 

The voltage on the output of the D/A, V , is a function of 
Vj n and the output current of the D/A. 

(3) V = V in - R2 I 

The comparator, A2, compares V to V offset which 
is -1/2 LSB. 

If V is greater than V offset the output of the com- 
parator is a "one". 

Full scale voltage (1 1 1 1 1 1 1 1), of the system as set up 
was 2.56 volts. This gives each LSB a value of 10 mV. 
Any value of full scale could be chosen as long as one 
does not saturate the input buffer amplifier (input voltage 
must stay about 1 volt below the positive supply of the 
op-amp to keep it out of saturation), and the Equations 
(A) and (B) are followed. Equations (A) and (B) are shown 
with Figure 3. 

Calibration of the system is very easy. Simply put a 
voltage of full scale minus 1/2 LSB into the input and 
adjust the full scale calibrate pot (R) to make the tran- 
sition from 1 1 1 1 1 1 10 to 11111111 occur at this point. 



Now put an input of + 1/2 LSB into the system and adjust 
the offset adjust pot to set the 00000000 to 00000001 
transition to occur at this point. Since the two adjust- 
ment described are somewhat interactive it may be neces- 
sary to go through the procedure more than once. 

As stated earlier the system will run nicely at 2 jus/bit 
giving a total conversion of (n+1) x 2 jus. In this case, n 
is 8 so the system has a conversion time of 9 x 2 or 
18 us. The primary limit of speed in the system is the 
propagation delay time of the comparator (MLM301A)and 
the SAR. The propagation delay time for the 301 A is on 
the order of 1 /is with a 5 mV over drive. The propagation 
delay of the SAR is about 4S0 ns at S volts. Adding 
the prop delays gives about 1 .5 us. When the setting time 
of the D/A is added in, about 250 ns, we see the total is 
1.75 us. Hence the operational figure of 2 us/bit. Oper- 
ational waveforms are shown in Figures 5 and 6. 

Figure 4 shows a schematic of another system which is 
very similar to the one in Figure 3 except that the SAR 
is running on +12 volts and a MC1710C comparator is 
used with a one transistor level translator on its output. 
At 12 volts Vdd on the SAR its prop delay is typically 
135 ns. The comparator and level translator has a total 
prop delay of about 50 ns. Now the total delay time is 
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135 ns for the SAR, 50 ns for the comparator and the 
250 ns for the D/A. 

This gives a total time of 435 ns/bit or a 2 MHz clock 
rate. Total conversion time for this system is 500 rts x 9 
or 4.5 /is. The cost of the high speed system is about the 
same as the lower speed version but it requires several 
more components and the addition of one more power 
supply, as well as requiring about 400 mW of power. 
Accuracy, calibration and operation of the high speed 
version are exactly the same as described for the lower 
speed system. Therefore, for clock speeds up to 500 kHz 
the circuit shown in Figure 3 is adequate. However where 
higher speeds are required, up to 2 MHz, the system shown 
in Figure 4 should be used. 



would be truncated to 4-bits and the MC14549B used for 
the remaining 8. For more information on cascading of 
the SAR chips see the MC14559B data sheet. 

In this treatise, only binary coded A/D systems have 
been discussed. All of the circuits shown here and the 
theory put forth apply equally well to systems of BCD 
coding, or in most cases to non-linearly weighted systems. 
The only stipulation being that the D/A used is monotonic. 
Everything in the circuits shown would be the same for 
these last two cases except that the D/A converters would 
have a different transfer function. 

SYSTEM ACCURACY 

The Successive Approximation A/D system has several 
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Both of the A/D systems described in this paper are 
8-bit systems. If desired a 4, 5, 6, or 7-bit system could 
be implemented using the same configuration as shown 
in Figure 3 or Figure 4. The only change being the trun- 
cation of the length of the SAR, see Figure 7. Note that 
for a 6-bit system only a 6-bit accurate D/A is required. 

If a system of more than 8-bits is required, the MC14559B 
may be cascaded with the MC14549B to make an SAR of 
anything from 9 to 16-bits. For 12-bits the MC14559B 



sources of error. They are; Quantization error, D/A ac- 
curacy, Comparator gain, Offset voltages of components, 
and D/A settling time. To get a feel for the relative magni- 
tude of each of these, they will be examined individually 
in detail. 

Quanitization error is that error inherent in every A/D 
system. It comes from the fact that the smallest increment 
the system can resolve is ±1/2 of a quantization unit. 
That is; an n-bit A/D has 2" equal quanitization levels. 
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There are 2 n possible digital words the A/D can give as an 
output, each representing one of the 2 n discrete levels. 
Since there are no words in between these 2 n words, a 
voltage that is between two levels must be represented by 
one or the other, usually the closest one. For example, 
the actual value of the input voltage could be exactly half- 
way between two levels and the A/D would represent it 
with one or the other of the two words. In this case the 
system would be in error +1/2 quanitization unit if the 
upper level were read out, and -1/2 quanitization unit if 
the lower level were read out. The maximum error here is 
I/2 quanitization unit. In most A/D systems, and in 
particular this one, the quanitization unit and the LSB are 
interchangable. Given this, the S/A type of A/D has a built 
in quanitization error of + 1/2 LSB. 

The digital-to-analog converter gives an analog output 
dependent upon the reference and the digital word on its 
inputs. The accuracy of the D/A depends on how closely 
the actual analog output of the D/A matches the ideal 
value described by the reference and the digital word input. 
In order for a D/A to be n-bit accurate, the analog output 
must not deviate from the ideal value by more than ±J /2 of 
the least significant bit. The value of the LSB is l/2 n of 
reference. 

The comparator is essentially a linear device and as 
such has a certain amount of voltage gain. If the voltage 
gain of the device is anything less than infinity, the dif- 
ferential input voltage required to switch the comparator 
output from one state to the other, call it Vj, is greater 
than zero. The value of Vrj is simply the logic swing of 
the comparator divided by the open loop gain If the 
differential input voltage to the comparator is less than 
Vrj, the comparator's output cannot be guaranteed to be 
a logic one or zero. If we say the threshold of the com- 
parator is half way through this uncertainty region, then 
we must allow an error of up to V(j/2 due to the com- 
parator's finite gain. 

There are three sources of offset voltage error in the 
system of Figure 3. One is the offset voltage of the input 
buffer amplifier. Another is the offset voltage of the 



comparator and the third is misadjustment of the offset 
adjust pot. 

The first two offset voltages mentioned are inherent in 
the devices used and are fixed; usually they are on the 
order of about ±2 mV for commercial grade components. 
They are fixed and can be easily compensated for by the 
offset adjustment. Once they are adjusted for, one only 
need to be concerned with their changing value due to 
temperature or age. 

In practice, the settling time of the D/A is usually not a 
source of error. It is mentioned here only as a word of 
caution because if the D/A is not given time to settle it 
can be a source of error. In D/A specifications, a figure 
of time is given for the D/A to settle to some specific 
amount of accuracy. This means that once the digital 
word on the input of the D/A has been changed, a certain 
minimum amount of time is required before the D/A's 
analog output can be guaranteed fall within given accuracy 
limits. Therefore when designing an S/A system, the clock 
period must be long enough to give the SAR and compara- 
tor time to function in addition to giving the D/A time to 
settle to the desired accuracy. Note also that all of these 
events are sequential. That is, the SAR must give the 
proper address to the D/A, then the D/A must be allowed 
to settle and then time must be allowed for the comparator 
to react. All this must be allowed to happen within one 
clock period. 

Given the sources of error as explained earlier, let us 
now examine the circuit of Figure 3 and try to estimate the 
total system accuracy. 

First of all, there is the quanitization uncertainty of 
tl/2 LSB. In addition to this we must add the error due 
to the D/A converter. Usually a D/A has an error speci- 
fication of ±1/2 LSB, although it could be better or 
worse, depending on the D/A. 

In this example (Figure 3) the MC1408L can be pur- 
chased with accuracy specs of 6, 7 or 8-bits. 8-bit accuracy 
implies error of no more than ±1/2 of one part out of 
256 or 1 one part in 512. So for an 8-bit system as shown, 
the D/A contributes a maximum of ±1/2 LSB. Since the 
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quantization error and the D/A error are independent, 
worst case error is simply the sum or ± one LSB. In addi- 
tion, there is the error contributed by the comparator and 
the input buffer. As stated earlier the offset voltages of 
the input and the comparator can be zeroed by the offset 
adjust pot, therefore only the changes due to temperature 
and aging need be added. Typical offset voltage drifts of 
these components are on the order of 5 pV/°C. So except 
for very wide temperature changes these drifts may be 
neglected. 

The error due to the finite voltage gain of the com- 
parator is also negligible for standard components. The 
MLM30IA has a typical voltage gain of 200,000. For a 
5 volt logic swing the uncertainty region is on the order 
of 25 pV. With an LSB magnitude of 10 mV, (full scale 
of 2.56 volts) and the ± 1 LSB error due to the A/D quan- 
tization and the D/A error, the error due to the comparator 
is virtually zero. 

The offset adjust pot in the system does more than 
just zero out the offset voltages of the input buffer and 
comparator. The primary purpose of this adjustment is to 
offset the scale of the D/A output 1/2 LSB The reason 
for this is quite straight forward. It can be seen that the 
output of the S/A type A/D system is always less than or 
equal to the input voltage. In some cases the output of the 
A/D can be exactly equal to the input voltage, while at 
other times it can be as much as one LSB low. (Quanti- 
zation error). When the +1/2 LSB error due to the D/A 
is added, we have a maximum system error of +1/2 LSB 
-1-1/2 LSB. In order to make the error of the A/D sym- 
metrical we simply offset the reference input of the com- 
parator a negative 1/2 LSB. (Offsetting the comparator a 
negative 1/2 LSB is identically equal to raising the D/A 
output waveform 1/2 LSB). Now the error of the A/D 
is ±] LSB. 

USES OF THE S/A 

The Successive Approximation type of A/D system has 
a myriad of applications in the medium speed, medium 
accuracy A/D converter category. There are several reasons 
for its wide usage. Among these are, constant conversion 



time (n + 1 clock periods), gives both a serial and parallel 
output, high speed-accuracy product, ease of implemen- 
tation, and low cost. 

In multiplexing applications, that is when the A/D sys- 
tem is being used for multiple input signals, constant con- 
version time is very desirable. Some A/D system's con- 
version times are dependent upon the value of the input 
signal. This is undesirable in a multiplexing application 
because the worst case (i.e., longest) conversion time must 
be allowed for each input. This infers a non-optimum use 
of hardware and decreases system performance. Since the 
S/A system gives a constant conversion time that is inde- 
pendent of the input voltage, optimum use may be made 
of the system's speed. 

In a communications application where the A/D output 
is to be sent to another location, the serial output of the 
S/A system is a natural. Unless the user desires to run 
multiple data lines, one for each bit of the A/D, the output 
of an A/D used in this manner must be changed from a 
parallel output to a serial output before the information 
can be sent to a remote location. As the S/A system 
inherently gives the serial output: a savings in both hard- 
ware and cost can be achieved. 

The S/A system gives a very high speed-accuracy pro- 
duct. When one considers the speeds achievable coupled 
with the accuracies obtainable for a given cost system, 
the S/A has no peers in this category. For example, using 
the S/A system, an 8-bit A/D conversion can easily be 
accomplished in less than 5 pis, at a total cost of less than 
$20. When these same parameters are considered for other 
types of A/D's such as the Cyclic, Tracking, Parallel etc; 
the speed-accuracy product for a given system cost is 
considerably less. 

As mentioned earlier, the new monolithic D/A's and 
SAR's have not only drastically reduced system cost, 
power, and size, but have increased reliability and temper- 
ature performance as well. The successive approximation 
type of A/D system was very popular before these com- 
ponents were available. Now, with the addition of these 
MSI building blocks the S/A system can do nothing but 
become more popular and its field of usage expand. 
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AN-757 

Application Note 



ANALOG-TO-DIGITAL CONVERSION 
TECHNIQUES WITH THE M6800 
MICROPROCESSOR SYSTEM 



This application note describes several 
analog-to-digital conversion systems imple- 
mented with the M6800 microprocessor 
and external linear and digital IC's. 
Systems consisting of an 8- and 10-bit 
successive approximation approach, as 
well as dual ramp techniques of 3%- and 
4'/2-digit BCD and 12-bit binary, are 
shown with flow diagrams, source pro- 
grams and hardware schematics. System 
tradeoffs of the various schemes and 
programs for binary-to-BCD and BCD-to- 
7 segment code are discussed. 
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Analog-To-Digital 
Conversion Techniques 
with the M6800 
Microprocessor System 

INTRODUCTION 

The MPU (microprocessing unit) is rapidly replacing 
both digital and analog circuitry in the industrial control 
environment It provides a convenient and efficient 
method of handling data; controlling valves, motors and 
relays; and in general, supervising a complete processing 
machine. However, much of the information required by 
the MPU for the various computations necessary in the 
processing system may be available as analog input signals 
instead of digitally formatted data. These analog signals 
may be from a pressure transducer, thermistor or other 
type of sensor. Therefore, for analog data an A/D (analog- 
to digital) converter must be added to the MPU system. 

Although there are various methods of A/D conversion, 
each system can usually be divided into two sections an 
analog subsystem containing the various analog lunctions 
for the A/D and a digital subsystem containing the digital 
functions. To add an A/D to the MPU, both of the sec- 
tions may be added externally to the microprocessor in 
the form of a PC card, hybrid module or monolithic chip. 
However, only the analog subsystem of the A/D need be 
added to the microprocessor, since by adding a few 
instructions to the software, the MPU can perform the 
function of the digital section of the A/D converter in 
addition to its other tasks. Therefore, a system design 
that already contains an MPU and requires analog infor- 
mation needs only one or two additional inexpensive 
analog components to provide the A/D. The micropro- 
cessor software can control the analog section of the A/D, 
determine the digital value of the analog input from the 
analog section, and perform various calculations with the 
resulting data. In addition, the MPU can control several 
analog A/D sections in a timeshare mode, thus multi- 
plexing the analog information at a digital level. 

Using the MPU to perform the tasks of the digital sec- 
tion provides a lower cost approach to the A/D function 
than adding a complete A/D external to the MPU. The 
information presented in this note describes this tech- 
nique as applied to both successive approximation (SAI 
A/D and dual ramp A/D. With the addition of a DAC 
(digital-to-analog converter), a couple of operational 
amplifiers, and the appropriate MPU software, an 8- or 
10-bit successive approximation A/D is available. Ex- 
pansion to greater accuracies is possible by modifying the 



software and adding the appropriate D/A converter. The 
technique of successive approximation A/D providet 
medium speed with accuracies compatible with many 
systems The second technique adds an MCI 405 dual 
ramp analog subsystem to the MPU system and, if desired, 
a digital display to produce a 12-15 bit binary or a VA- or 
4'A -digit BCD A/D conversion with 7-segment display 
readout. This A/D technique has a relatively slow conver- 
sion rate but produces a converter of very high accuracy. 
In addition to the longer conversion time, the MPU must 
be totally devoted to the A/D function during the conver- 
sion period. However, if maximum speed is not required 
this technique of A/D allows an inexpensive and practical 
method of handling analog information. 

Figure 1 shows the relative merits of each A/D conver- 
sion technique. Listed in this table are conversion time, 
accuracy and whether interrupts to the MPU are allowed 
during the conversion cycle. 

This note describes each method listed in Figure 1 and 
provides the MPU software and external system hard- 
ware schematics along with an explanation of the basic 
A/D technique and system peculiarities. In addition, the 
MPU interface connections for the external A/D hardware 
schemes are shown. These schemes are a complete 8-bit 
successive approximation and a 314-digit dual ramp A/D 
system, both of which externally perform the conver- 
sion and transfer the digital data into the MPU system 
through a PIA. 

For additional information on the MC6800 MPU sys- 
tem or A/D systems, the appropriate data sheets or 
other available literature should be consulted. 

MPU 

The Motorola microprocessor system devices used are 
the MC6800 MPU, MCM6810 RAM, MCM6830 ROM and 
MC6820 PIA (peripheral interface adapter). The following 
is a brief description of the basic MPU system as it per- 
tains to the A/D systems presented later in this appli- 
cation note. 

The Motorola MPU system uses a 1 6-bit address bus 
and an 8-bit data bus. The 16-bit address bus provides 
65,536 possible memory locations which may be either 
storage devices (RAM, ROM, etc.) or interface devices 
(PIA, etc.). The basic MPU contains two 8-bit accumu- 
lators, one 16-bit index register, a 16-bit program counter, 
a 16-bit stack pointer, and an 8-bit condition code regis- 
ter. The condition code register indicates carry, half 
carry, interrupt, zero, minus, and 2's complement over- 
flow. Figure 2 shows a functional block of the 
MC6800MPU. 

The MPU uses 72 instructions with six addressing 
modes which provide 197 different operations in the 
MPU. A summary of each instruction and function with 
the appropriate addressing mode is shown in Appendix A 
of this note. 
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•Successive Approximation Register 

FIGURE 1 — Relative Merits of A/D Conversion Techniques 



The PIA is the interface device used between the ad- 
dress and data buses and the analog sections of the A/D. 
Each PIA contains two essentially identical 8-bit inter- 
face ports. These ports (A side, B side) each contain three 
internal registers that include the data register which is 
the interface from the data bus to the A/D, the data 
direction register which programs each of the eight 
lines of the data register as either an input or an output, 
and the control register which, in addition to other func- 
tions, switches the data bus between the data register and 
the data direction register. Each port to the PIA contains 
two addition pins, CA1 and CA2, for interrupt capa- 
bility and extra 1/0 lines. The functions of these lines are 
programmable with the remaining bits in the control 
register. Figure 3 shows a functional block of the 
MC6820 PIA. 

Each PIA requires four address locations in memory. 
Two addresses access either of the two (A or B sides) 
data/data direction registers while the remaining two 
addresses access either of the two control registers. 
These addresses are decoded by the chip select and regis- 
ter select lines of the PIA which are connected to the 
MPU address bus. Selection between the data register and 
data direction register is made by programming a "1" or 
"0" in the third least significant bit of each control regis- 
ter . A logic "0" accesses the data direction register while 
a logic "1" accesses the data register. 

By programming "0"s in the data direction register 
each corresponding line performs as an input, while 
"l"s in the data direction register make corresponding 
lines act as outputs. The eight lines may be intermixed 
between inputs and outputs by programming different 
combinations of "l"s and "0"s into the data direction 
register. At the beginning of the program the I/O configu- 
ration is programmed into the data direction register, after 
which the control register is programmed to select the 
data register for I/O operation. 



The RAMs used in the system are static and contain 
128 8-bit words for scratch pad memory while the ROM is 
mask programmable and contains 1024 8-bit words. The 
ROM and RAM, along with the remainder of the MPU 
system components, operate from a single +5 volt power 
supply; the address bus, data bus and PI As are TTL 
compatible. 

The MPU system requires a 20 non-overlapping clock 
with a lower frequency limit of 100 kHz and an upper 
limit of 1 MHz. 
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The printouts shown for each A/D program are the 
source instructions for the cross assembler from the 
Motorola timeshare. Since the MPU contains a 16-bit 
address bus and an 8-bit data bus, the hexadecimal num- 
ber system provides a convenient representation of these 
numbers. Although the assembler output is in hexadeci- 
mal, the source input may be either binary, octal, decimal 
or hexadecimal. A dollar sign ($) preceding a number in 
the source instructions indicates hexadecimal, a percent 
sign (%) indicates binary and an at sign ((">) indicates octal. 
No prefix indicates the decimal number system. 

Only the beginning addresses of the program and labels 
are shown in the source programs. These beginning ad- 
dresses may be changed prior to assembling the total 
system program or the programs may be relocated after 
assembly with little or no modification. 

SUCCESSIVE APPROXIMATION TECHNIQUES 
General 

One of the more popular methods of A/D conversion is 
that of successive approximation. This technique uses a 
DAC (digital-to-analog converter) in a feedback loop to 
generate a known analog signal to which the unknown 
analog input is compared. In addition to medium speed 
conversion rates, it has the advantages of providing not 
only a parallel digital output after the conversion is com- 
pleted but also the serial output during the conversion. 

Figure 4 shows the block diagram and waveform of the 
SA-A/D. The DAC inputs are controlled by the successive 
approximation register (SAR) which is, as presented here, 
the microprocessor. The DAC output is compared to the 
analog input (V m ) by the analog comparator and its 
output controls the SAR. At the start of a conversion 



the MSB of the DAC is turned on by the SAR, producing 
an output from the DAC equal to half of the full scale 
value. This output is compared to the analog input and if 
the DAC output is greater than the input unknown, the 
SAR turns the MSB off. However, if the DAC output is 
less than the input unknown, the MSB remains on. Fol- 
lowing the trial of the MSB the next most significant bit 
is turned on and again the comparison is made between 
the DAC output and the input unknown. The same cri- 
teria exists as before and this bit is either left on or 
turned off. This procedure of testing each bit continues 
for the total number of DAC inputs (bits) in the system. 

After the comparison of each bit the digital output is 
available immediately thus providing both the serial 
output as well as the parallel output at the end of the 
conversion. The serial output provides the MSB first, 
followed by the remaining bits in order. The total con- 
version time for the SA-A/D is the time required to turn 
on a bit, compare the DAC output with the input un- 
known and, if required, turn the bit off, multiplied by 
the total number of bits in the A/D system. The conver- 
sion time is hence constant and unaffected by the analog 
input value. 

One SA-A/D shown in this note uses an 8-bit DAC 
(MCI 408) to produce an 8-bit A/D; a second version uses 
a 10-bit DAC (MC3410)* to produce a 10-bit A/D. 
Both of these are used in conjunction with the MPU as 
an SAR. In addition, the MC1408 is shown with the 
MC 14549 CMOS SAR as a convert-on-command system 
under control of the MPU. All of these A/Ds produce a 
binary output. However, by adding the appropriate soft- 
ware a BCD output or 7-segment-display outputs are 
available. Also by using a BCD-weighted DAC, the BCD 
output can be produced directly. 
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8-Bit SA Program 

The flow chart for the 8-bit MPU A/D system is shown 
in Figure 5; Figures 6 and 7 show the software and the 
hardware external to the microprocessor. The DAC 
used is the MC1408L-8 which has active high inputs and a 
current sink output. An uncompensated MLM301A 
operational amplifier is used as a comparator while an 
externally compensated MLM301A or internally com- 
pensated MCI 741 operational amplifier is used as a buffer 
amplifier for the input voltage. The output voltage com- 
pliance of the DAC is +0.5 volt; if the current required by 
the D/A does not match that produced from the output 
of the buffer amplifier through Rl and R2, then the DAC 
output will saturate at O.S volt above or below ground, 
thus toggling the comparator. The system is calibrated by 
adjusting Rl for 1 volt full scale, and zero calibration is 
set by adjusting R3. 
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FIGURE 5 - 8-Bit Successive Approximation 
A/D Flow Diagram 



The first MPU instruction for the 8-bit A/D is in line 
45 of Figure 6. After assembly, this instruction will be 
placed in memory location $0A00 as defined in the 
assembler directive of line 42. The assembled code for 
this program is relocatable in memory as long as the PIA 
addresses and storage addresses are unchanged. The 
program as shown requires 106 memory bytes. Source 
program lines 45 through 53 configure the PIAs for the 
proper input/output configuration. PIA1BD is used for 
various control functions between the MPU system 
and the external hardware. The exact configuration of this 
PIA is shown in lines 28 through 33 of Figure 6. P1A1AD 
provides the 8-bit output needed for the DAC. Lines 51 
through 53 set bit 3 of the PIA control register to access 
the data register for the actual A/D program. 
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Lines 55 and 50 set the conversion finished flag, winch 
consists of a LED on the hardware schematic, after 
which the program enters a loop in lines 6.!-o5 which 
causes the MPU to wait until the cycle input line goes 
high. (.This feature could he eliminated if the program was 
a subroutine of a larger control program.) In this case, 
when a conversion was to he made the control program 
would go to the A/0 subroutine and return with the 
digital results. Lines t»8 and (v*3 clear the P1A-A which is 
connected to the DAC inputs and an internal memory 
location. This memory location is used as a pointer to 
keep track of which bit of the DAC is currently being 
tested. Next the conversion finished line is reset indicating 
a conversion is in process and the carry bit of the condi- 
tion code register is set. The memory location POINTR is 
then rotated right in line 7*1. moving the carry hit of the 
condition code register into the MSB of that memory 
location. Line 80 is a conditional branch (hat determines 
if all 8 bits of the DAC have been tested. After nine 
rotations of POINTR the carry bit will again be set 
indicating all 8 bits have been compared. 

Program lines 8 1 through 8.^ load the previous DAC 
value into an accumulator and the next DAC bit is turned 
on for the comparator test. An 8 jjs delay produced by 



the NOP instruction of lines 87 through allows the 
DAC and comparator to settle to a final value before the 
comparator test of lines l 'l and At this point if the 
comparator was high the Yes loop is executed, which 
generates a simulated clock pulse and a serial output 
If the comparator was low. lines °5 through 101 aie 
executed, resetting the hit under test and generating a 
simulated clock pulse and a serial output of "0" The 
three NOP instructions of the Yes loop equalize the 
execution tune between the high and low comparator 
loops. Alter completion of either (he high or low com- 
parator loop, the A accumulator which contains the new 
digiial number is stored in PIA1AD and in a RAM mem- 
ory location labeled ANS. Then the next hit of the DAC 
is tested in the same inannei and (his pioccdure is contin- 
ued until all eight DAC inputs have been tested. When (his 
has occurred the program returns to line 55 where (he 
conversion finished Hag is "set" and (he MPU awails the 
next cycle input from PIA1BD. 

The totaJ conversion time is 700 us tor the 8-bit con- 
verter assuming a I Mil/ MPtl clock frequency. The simu- 
lated clock pulse is 7 us wide and can be used to indicate 
when to sample the serial output. 
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FIGURE 8 - 8-Bit SA Softwara (Pap 2 of 3) 



36, 
37. 
33. 
39 , 
40, 
41 , 
4£, 
43. 
44, 
45. 
46, 
47 , 
48, 
49, 
5 . 
51 . 



000 ♦ 

000 ♦ COMP-COMPflRflTOR . SC-S I MULATED CLOCK « SD-SER I RL OUTPUT 

000 ♦ CF-CDNVERSIDN F I MI SHED < MC-NO CONNECTION 

♦ 



60 
61 
6 c! 
63 
64 



t.y 
69 
70 
71 
7£ 
73 
74 
75 
76 
77 
73 
79 
80 
81 
32 
83 
34 
85 
36 
37 
38 
89 
90 
91 
92 
93 
94 



, 
, 
, 000 
, 
, 
. 
, 000 
,000 
, 
. 
, 
, 
. 
. 
, 
, 
. 
, 
, 000 
, 
, UUO 
, 
, 
, 
, 
. 
, 
,000 
, 
,000 
,000 
,0 00 
,000 
,000 
,000 
.0 00 
.000 
.000 
,00 
,000 
,000 
,000 
,000 
, 
,000 
, 
, 000 
,000 
,000 
, 000 
,000 
,000 
00 


,000 



P I R 1 RC 
PIA1BC 



ORG I OA 00 

♦ 
♦ 

CLP 
CLP 
LDR fl 
ST A R 
LDR R 
STR R 
lDR A 
STR R 



BEGINNING ADDRESS 



♦♦PIR ASSEMBLY** 



«*7C 
PIA1BD 
"i OFF 
PIR1RD 
::*04 
PIR1RC 
STR R PIfllBC 

♦ 

R START LDR R ".$10 
STR R PIA1ED 

♦ 
♦ 



CYCLE LDR R FIA1BD 
AND R "'102 
DEC 1 CYCLE 

♦ 
♦ 

CLR FIA1AD 
CLR PDINTR 

♦ 



R SIDE ALL OUTPUTS 



SET CONVERSION FINISHED 



♦ ♦CYCLE TEST" 



CLP PIfllBD 

SEC 

♦ 
♦ 
♦ 
♦ 

CONVPT POP PDINTR 
BCS R START 
LDR A FIA1AD 
RDD R PDINTR 
ST A fl PlfllRD 

♦ 
♦ 
♦ 

NOP 
NOP 
NOP 
NOP 

LDR fl PIfllBD 
EMI YES 



LI.fi fl PIA1AD 
SUB fl PDINTR 



RESET CONVERSION FINISHED 



RECALL PREVIOUS DIGITAL OUTPUT 
SET NEW DIGITAL OUTPUT 

♦ ♦DELAY FOR COMPARATOR" 



COMPARATOR TEST 



♦ ♦LOW COMPARATOR LOOP" 



3-61 



97 . 00 


LDfl E *$eo 


SERIAL OUT DF "O", CLOCK SET 


98 . 00 


STA E PIfllBD 




99 . 00 


CLR E 


CLOCK RESET 


100.000 


STfl E P 1 1=1 1 EH 




101 .000 


ERR EMU 




102.000 


♦ 




103.000 


♦ 


♦ ♦HIGH COMPARATOR LDQP^ 


1 04 . 00 


YES LDfl fl PIfUfiD 




1 05 . 


NOP 




1 06 . 


HDP 


DELAY 


1 07 . 00 


NOP 




1 08 . 


LDH E 


SERIAL DUTPUT OF " 1 " , CLOCK SET 


1 09 . 


STfl E PIR1ED 




110. 


LDR E "$08 


CLOCK RESET 


111.000 


STfl E PIfllBD 




1 12 . 000 


♦ 




113. 


END STfl fl PlfllRD 




114.00 


III Fl Till -_- 




115. 


ERA CDHVRT 




116.000 






117.00 


♦ 




118. 


♦ 




119.000 


♦ 




120.000 


♦ 




121 .000 


♦ 




122.000 


MOM 
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10- Bit SA Program 

Figures 8 and 9 show the MPU software and external 
hardware for a 10-bit successive approximation A/D using 
the MC3410 DAC. The operation of this A/D is very 
similar to that of the 8-bit A/D. Both the A and B halves 
of a P1A are required for the DAC output while the con- 
trol lines (comparator, conversion finished, etc.) are also 
identical to that of the 8-bit A/D previously discussed. 
The pointer for indicating which bit is currently under 
test is contained in two memory locations, P0NTR1 and 



PONTR2. The pointer is initialized in lines 63 and 64 and 
as before, it is continuously shifted to the left as each bit 
is tested. Lines 72 through 77 and lines 89 through 101 
operate on both halves of the PIA, "setting" and "re- 
setting" the DAC bits under test. The final answer is 
stored in the two PIA memory locations as well as two 
internal memory locations (ANSI and ANS2). 

By using the appropriate DAC and changing line 63 of 
the software program, the 10-bit SA D/A can be modi- 
fied for 9-16 bit A/D operation. 
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FIGURE 8 - 10 Bit SA Software (Pap 1 of 3) 
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External SA System 

The third successive approximation program, shown in 
Figures 10 and 11, uses an MCI 408 DAC with the 
MC14549 CMOS SAR for a convert-on-command A/D 
system. This system is controlled by the MPU through the 
CA1 and CA2 PI A pins to start a conversion and store the 
results of this conversion in memory when the conversion 
is finished. The 8-bit data word from the A/D is brought 
in to the MPU system through P1A1AD. The advantages 
of this A/D system are that a minimum number of soft- 
ware instructions are required, a higher speed conversion 
is possible, and the MPU may be performing other tasks 
during the conversion. The disadvantage is a higher parts 
count and increased cost. 

The program for this A/D, shown in Figure 1 1 , is 
written as a subroutine of a larger program. This larger 
program is simulated with the instructions of lines 28 



through 31. The subroutine starts in line 34, unmasking 
the interrupt input on CA1 and setting CA2 high. (For 
additional information on use of the CA1 and CA2 lines, 
see the MC6820 data sheet.) CA2 initiates the conversion. 
Line 35 is a dummy read statement necessary to clear the 
data register of the interrupt bit associated with theCAl 
input line. Then a wait for interrupt instruction stores the 
stack in anticipation of the A/D conversion being com- 
pleted. When the conversion is finished the CA1 line is 
toggled by the EOC output of the MC14549 and the 
program goes to line 43 where CA 1 is masked and CA2 is 
set low, thus stopping any further conversion sequences 
by the A/D. The digital results are loaded into the A accu- 
mulator through P1A-A and stored in memory location 
TEMP. Then the MPU returns from the interrupt and 
finally returns from the subroutine. 

The entire sequence requires 60 us plus the conversion 
time of the A/D. 
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FIGURE 11 - 8-Bit External SA Software (Page 1 of 2) 
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DUAL RAMP TECHNIQUES 
General 

Another commonly used method for A/D conversion is 
the dual ramp or dual slope technique. This approach has 
a longer conversion time than that of the successive ap- 
proximation method. The conversion time period is also 
variable and input voltage dependent. However, this 
method yields an A/D converter of high accuracy and 
low cost. 

As the name implies the dual ramp method consists of 
two ramp periods for each conversion cycle. Figure 12 
shows the basic waveforms for the dual ramp A/D. The 



ratio in time of the ramp lengths provides a value repre- 
senting the difference between a reference and an un- 
known voltage. During time period Tl, the input un- 
known is integrated for a fixed time period (fixed number 
of clock cycles). The integrator voltage increases from the 
reference level to a voltage which is proportional to the 
input voltage. At the end of this time period a reference 
voltage is applied to the input of the integrator causing 
the integrator output voltage to decrease until the refer- 
ence level is again reached. The number of clock cycles 
that are required to bring the integrator output voltage 
back to the reference level is proportional to the input 
unknown voltage. 
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The dual ramp converters discussed here use the 
MCI 405 analog subsystem in conjunction with the 
M6800 MPU system. The MC1405 provides the integra- 
tor, comparator and reference voltage required for the 
analog functions of the dual ramp A/D. The analog device 
also adds an offset current to the integrator input during 
the ramp up time period to stabilize small voltage read- 
ings. The digital section of the A/D must subtract an equiv- 
alent number of counts to produce a zero reading display 
output for a zero input. The interface between the analog 
and digital subsystems consists of two control lines. 
These are the comparator output from the analog part, 
which indicates whether the ramp is above or below the 
reference level, and a ramp control output from the 
digital part to switch the integrator input between the 
input unknown voltage and the reference voltage. The 
control of these lines, offset subtraction, and calcu- 
lations with the resulting data must be handled by the 
digital subsystem, which in this case is the MPU. 

For additional information on the dual ramp technique 
for A/D, consult the data sheet for the MC 1405. 
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FIGURE 12 - Dual Ramp Waveforms 



1 2-Bit Dual Ramp Program 

This version of the dual ramp A/D generates a 12-bit 
binary output from a I volt full scale analog input. Fig- 
ures 13, 14 and 15 show the flow chart, MPU software 
and external hardware. The interface of the PlAs used for 
this A/D is shown both on the schematic and in lines 16 
through 22 of the source program. Lines 25 and 26 indi- 
cate the two memory locations where the final 12-bit 
binary result is stored. These locations are $0000 and 
$0001. The four most significant bits are in location 
$0000 while the remaining eight bits are in $0001 . 

Referring to the software of Figure 14, the first in- 
structions (lines 37 through 42) initialize the PIA for its 
input/output configuration. Source program lines 46 
through 49 set the ramp control line of the MCI 405 
and check the comparator output from the MC1405 to 
insure that the integrator output is below the reference 
level at the start of a conversion. Next the "conversion 
finished" flag is set indicating a conversion ready status. 
Then the MPU enters a loop (lines 55 through 57) waiting 
for a cycle input (PB1) from the PIA. When this condi- 
tion occurs the conversion finished flag is reset while the 



ramp control line (PB2) goes low, thus starting a con- 
version cycle. In addition, the index register has been 
loaded with $2000 which will be decremented to provide 
the ramp up timing period. When the ramp crosses the 
threshold level the comparator (PB7) change from low to 
high causes the MPU to enter the timing cycle of lines 
67 through 69. The index register is continuously decre- 
mented until reaching zero, at which point the ramp con- 
trol line (PB2) to the MC1405 is set high (line 74) and the 
index register is incremented (line 75). This loop contin- 
ues until the integrator output again reaches the threshold 
level. Line 76 of the ramp down cycle is a dummy state- 
ment included to equalize the timing between the ramp 
up and ramp down time periods. The proper timing ratio 
(2:1 in this example) must be maintained for correct 
A/D operation. 

After the termination of the ramp down time period 
the content of the index register is stored in memory 
locations $0000 and $0001 (line 82). Next the offset 
counts are subtracted (512]o) from this result by sub- 
tracting $01 from memory location $0000. The result is 
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FIGURE 13 - 12-Bit Binary Dual Ramp A/D Flow Diagram 
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then stored back into the same memory location. Lines 86 
and 87 check the contents of memory location TEST for 
a number greater than 4095 jo. If this condition occurs, 
the overrange, conversion finished, and ramp control 
bits are set high. Otherwise the MPU branches back to line 
50 where only the conversion finished and ramp control 
bits are set high. The program then checks the status of 
the cycle input waiting for the next conversion. 

When assembled, the first instruction will be located 
at S0A00 with 84io memory locations required. The 
full scale conversion time is 165 ms assuming a 1 MHz 
clock in the MPU system. 



As with all MC1405 designs, the integration capacitor 
must be large enough to insure that the integrator does 
not saturate during the ramp up time period. The value of 
this capacitor depends upon the power supply voltage 
applied to the MCI405 and the ramp up time period. 
The MCI 405 data sheet contains the equations for calcu- 
lation of this capacitor. The MCI 405 is capable of oper- 
ating on a single +5 volt power supply; however, a +15 
volt supply voltage is recommended to decrease the inte- 
grator capacitor size. When using 15 volts the comparator 
output must be clamped at 5 volts to prevent damaging 
the PIA inputs. 
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FIGURE 14 - 12-Bit Dual Ramp Software (P.je 2 of 2) 
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3'/;-Digit Dual Ramp Program 

The flow chart, source program and hardware for a 
3V4-digit system are shown in Figures 16, 17, and 18 
respectively. Referring to Figure 17, the basic conversion 
routine of lines 96 through 135 in this program is similar 
to that of the previously discussed 12-bit binary system. 
The initialization of the index register in line 108 has been 
changed to increase the ramp up time period. The basic 
conversion results in a binary number as did the 1 2-bit 
version previously discussed. This binary result is con- 
verted by the software routine in lines 144 through 180 
to produce 3!4-digit BCD output. This routine converts 
up to a 16-bit binary number to the equivalent BCD value. 
Also the BCD result is converted to a 7-segment display 
code for use in a LED or LCD readout system. Another 
feature of the 3&-digit A/D program shown here is a 
polarity detection scheme. This allows the A/D to handle 
both positive and negative input voltages. 

The external hardware for the 3'/4-digit A/D requires 
two full PIAs, one of the four ports is used for interface 
to the MC1405, cycle input, overrange flag, etc. An I/O 
configuration similar to that of the 12-bit binary A/D is 
used. The remaining three ports of the PIAs are used for 
the 3'/4-digit display, as shown in Figure 18b. 

The conversion initially produces a binary result 
which is stored in memory locations MSB and MSB+1. 
This result has 100)0 offset counts subtracted, and then a 
polarity check is made. If the polarity that is currently 
being applied to the input of the MC1405 is positive, the 



binary number is converted to a BCD number. The tech- 
nique used for binary-to-BCD conversion is described in 
Appendix B. The BCD results are stored in memory 
locations UNTTEN and HNDTHD. Each of these memory 
locations contains two BCD words. Following the conver- 
sion, an overrange test is made in lines 183 through 186 
which checks for a maximum of a BCD "1" in the upper 
four bits of memory location HNDTHD. If an overrange 
condition occurs, the program branches to lines 227 
through 234 where a 1999)0 is placed in the display and 
the overrange flag in PIA1BD is "set". 

After the overrange test the BCD code is converted to 
a 7-segment code and stored in the memory location for 
each PIA port. Segments A through G use PIA outputs 
through 6 while the half digit output uses PIA2BD output 
PB7. The conversion technique for BCD-to-7 segment 
utilizes a look-up table in line 25 1 with the indexed mode 
of addressing to access the table. Each of the three full 
BCD digits is converted to the 7-segment code by first 
separating the lower BCD and upper BCD word and using 
the BCD code as the least significant byte of a two byte 
address for the look-up table. This address is then loaded 
into the index register and used to locate the correspond- 
ing 7-segment code. In the case of the upper BCD digit of 
each BCD, the memory must be shifted left four times for 
correct addressing of the look-up table. Finally, the half 
digit output is added to PIA2BD in lines 197 through 226. 

Should the MC1405 have the incorrect polarity on its 
input, a polarity reversing relay is operated by toggling the 
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CA2 output of PIA1BC control register. Then the conver- 
sion is restarted, this time with a positive input polarity. 
The polarity detection instruction is found in line 131. 
If after the offset count subtraction in lines 129 and 130 
the condition code carry bit is "set", the MCI 405 has a 
negative input voltage. This occurs when the negative in- 
put subtracts from instead of adding to the offset current 
in the MC1405 and does not allow the ramp down time 
period to reach at least a value of IOOjo counts. If the 
carry bit has been "set" then the program branches to 



line 236 where the CA2 line is toggled. Also due to the 
difference in a positive polarity conversion and a negative 
polarity conversion a short delay loop has been added in 
lines 238 and 239 to improve accuracy at very small 
input voltages. 

The entire 3&-digit A/D requires 296 memory loca- 
tions but can be reduced if the BCD-to-7 segment de- 
coding is performed external to the MPU system. With a 
1 MHz MPU clock frequency this program has a full 
scale conversion time of 60 ms. 
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FIGURE 16 - 3'/i-D,g,t Dual Ramp A/D Flow Diagram 
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FIGURE 17 - 3Vi Digit Dual Ramp Sofmara (Page 1 of SI 
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FIGURE 17 - 3»-Digit dual Ramp Softwara I Pag* 2 of B) 
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FIGURE 17 - 3VS-Di 9 ,t Dual (Ump Softmr* (?•«• 4gf9l 
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4'/2-Digit Dual Ramp Program 

The microprocessor software for a 4'/4-digit dual ramp 
A/D is shown in Figure 19. This program in an extension 
of the 3V4-digjt A/D just discussed and has a full scale 
input voltage of 1 .9999 volts. Due to the addition of the 
extra digit, a fourth P1A port for the 7-segment display 
is required. The PIA port configuration used for ramp 
control, comparator, etc. is identical to that used in the 
3W-digit A/D. 

The addition of the extra digit also implies a longer 
ramp up time period which is produced by increasing the 
initialization of the index register in line 1 15. This longer 
ramp up time period also requires the change of the extra 
count subtraction statements of lines 137 and 138 to 



maintain the extra count subtraction of 10% ramp up 
time. Also, the longer ramp up time period will require a 
larger integration capacitor to prevent saturation of the 
MC1405 integrator. This is of course, assuming the same 
MPU clock frequency. The remainder of the A/D external 
hardware is unchanged except for the addition of the 
fourth full digital display. Figure 1 8a can be used for the 
4W-digit A/D without modification, and Figure 18b can 
be used with only the addition of another digit. 

The software for the binary-to-BCD converter remains 
the same for the 4V4-digit A/D since it is capable of han- 
dling up to 16 bits. The conversion routine for BCD-to-7 
segment code must be modified to handle the extra digit 
although the same basic technique is retained. 
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SUMMARY 

Many MPU systems require analog information, which 
necessitates the use of an A/D converter in the micro- 
processor design. This note has presented two popular 
A/D techniques used in conjunction with the M6800 
microprocessor system. These techniques, successive 
approximation and dual ramp, were shown using the 
MPU as the digital control element for the A/D system. 
This required dedication of the MPU to the A/D function 
during the conversion. Also shown were systems using 
the MPU to control the flow of data from an external A/D 
allowing the MPU to perform other tasks during the 
conversion. 

The variety of programs presented allow the designer 
to make a selection based upon hardware cost, conver- 
sion speed, memory locations and interrupt capability. 
Although the A/D programs shown here are complete 
designs, they are general designs and may be tailored 
to fit each individual application. Also a variety of digital 
outputs are available including binary, BCD, and 
7-segment. In conjunction with the BCD output a 16-bit 
binary to BCD conversion routine is presented in 
Appendix B. 
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APPENDIX A 
MPU INSTRUCTIONS 
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OP 


_ 




OP 




s 


OP - " 


Add 


AOOA 


38 


2 


2 


ys 


3 


7 


Ad 


ft 


? 


88 




3 






A008 


C8 


2 


2 


9 


3 


2 


EB 






f 6 








Add Ac Til us 


AHA 


























IB 2 1 


Add with Cerry 


AOCA 


i39 


2 


2 


9* 


* 


2 


A9 






' 


4 








AOCB 


C3 


2 


2 


39 


3 


2 


E9 




2 










And 


ANOA 


84 


2 


2 


94 






A* 




2 


B4 










ANDB 


C4 


2 


2 


04 


3 


2 
















Bit Tmi 


0ITA 




2 


2 


95 






AS 






„ 










BITS 


cs 


2 


2 


D5 








| 








i 




Dm 


CIR 














6F 
















CLRA 


























4F 2 1 




CLRB 


























6F 2 1 


Compare 


CMPA 






2 






2 


Al 




2 






! 






CMP8 


C! 






ni 







1 ' 














Compart Ac mini 


CBA 


























11 2 1 


Complement. 1i 


COM 














63 
















COMA 


























43 2 1 




COMB 


























53 2 1 


Complement 2's 


NEG 














60 


7 


2 




* 






INeojie) 


NEGA 


























40 2 1 




N EG B 


























SO 2 1 


Decimal Adiust A 


DAA 


























19 2 1 


Decrement 


DEC 














bA 


7 


2 


7A 










DECA 


























4A 2 t 




DECB 


























5A 2 1 


Exclusive OR 


EORA 


88 


2 


2 


'J 8 


3 


2 


AS 


5 


2 


f!8 


* 


3 






EORB 


C8 


2 


2 


08 


3 


2 


E8 


ft 


2 


f 8 




3 




Increment 


INC 














6C 


7 


2 


7C 


6 


3 






INCA 


























4C 2 1 




INCB 


























SC 2 1 


Load Acmltr 


LOAA 


86 


2 


2 


96 


3 


2 


AG 


5 


2 


fifi 


* 


3 






LOAB 


C6 


2 


2 


06 


3 


2 


E6 


ft 


2 


F6 


* 


3 




r ncuiiw 




8A 


2 


2 


3 A 


3 


2 


AA 


5 


2 


HA 


4 


3 






ORAB 


CA 


2 


2 


OA 


3 


2 


EA 


5 


2 


FA 


4 


3 




Push Data 


PSHA 


























36 4 1 




PSHB 


























37 4 1 


Pull Oaia 


PUL A 


























32 4 1 




PULB 


























33 4 1 


Rotale tell 


ROL 














69 


7 


2 


79 


6 


3 






ROLA 


























49 2 1 




ROLB 


























59 2 1 


Rome Righl 


RO R 














66 


7 


2 


76 


fi 


3 






RORA 


























46 2 t 




RORB 


























56 2 1 


Shili Lett. Arithmetic 


ASL 
















7 


2 


78 


6 


3 






A5LA 


























48 2 1 




AS LB 


























58 2 t 


Sh<lt Rioht. Arithmetic 


ASR 














6/ 


7 


2 


77 


1 


3 






ASRA 


























47 2 1 




ASR 8 


























57 2 1 


Shili Right. Logic 


LSR 














G4 


7 


2 


74 


6 


3 
































44 2 1 


1 


LSRB 


























54 2 1 


Store Acmltr 


STAA 








S7 






















STAB 








07 


4 


2 


f 1 


S 


2 


F7 


ft 


3 




Subtract 


SU6A 


80 


2 


2 


90 


3 


2 


AO 


5 


2 


BO 


4 


3 






SUBS 


CO 


2 


2 


00 


3 


2 


to 


ft 


2 


10 


4 


3 




Subtract Acmllrj. 


SBA 


























10 2 1 


Subtr with Carry 


SBCA 


ai 


2 


2 


92 


3 


2 


A2 


ft 


2 


oz 


4 


3 






SBCB 


a 


2 


2 


o; 


3 


2 


E2 


ft 


2 


F2 


4 


3 




Trawler Acmlrri 


TAB 


























16 7 1 




TBA 


























17 2 1 


Tetl, Zero or Minus 


TST 














60 


7 


2 


70 


C 


3 






TSTA 


























40 2 1 




TSTB 


























50 2 1 



♦ M-A 

♦ M-B 
. 8 -A 
♦M*C-A 

♦ M* C-B 

♦ M-A 



00 -M 
00 -A 
00 - B 



■ -M 

*-A 
B - B 

00 - M - M 
00 - A -A 
00-8 — 8 

Converts Binary Add. ol BCD Character! 

into BCD Formal 

M - 1 -M 

A - 1 - A 

B - 1 -* B 

A©M - A 

B©M -* B 



B * M — B 

A-M S p.SP- 1-SP 
B-M SP . SP-1-SP 
SPO-SP. M SP -A 
SP ♦ 1 -SP. M SP - 8 




- M-A 

- M-B 
B-A 

- M - C-A 
- M - C-B 



H I N Z V C 



LE6EN0 

OP Operation Co* IHe.adecim.il 

Number ol MPU Cycle,. 
« Number ol Program Bytes; 
» Arithmetic Rui, 



AND. 



© Boolean Exclusive OR. 
U Complement of M. 



Hill-carry from bit 3: 
Interrupt mat*. 



Bit = Zero, 
00 Byte = Zero. 



Msp Contents of memory location pointed to be Slack Pointer. 

Note - Accumulator eddrenmg mode instructions are included in the column lor IMPLIED eddranintj 



Zero (byte) 

Overflow. 2't complement! 
Carry from on 7 
Reset Always 
Sll Always 

Tetl and sei tf true, clewed ot.he.wi * 
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Ind.x Ragister and Suck Manipulation Initructiont boolean/arithmetic operation cono. cooe reg 



POINTER OPERATIONS 


MNEMONIC 


IMMEO 


DIRECT 


INDEX 


EXTNO 


IMPLIED 


BOO LEAN 'ARITHMETIC OPERATION 


s 


4 


3 


2 


i 


Q 


0* 




a 


Of 




# 






tt 


OP 




JJ 


OP 




a 


H 


t 


n 


I 


V 


C 


Co MpBH tautox Raa| 


CPX 


M 


3 


3 


9C 


4 


2 


AC 


6 


2 


ec 


S 


3 








*H - M. X|_ - <M ♦ 1) 




• 


'2' 


; 


© 


• 




Of x 
































X - 1 -a X 




• 


• 


t 


• 


• 


Dscremant Stack Pntr 


OES 


























34 


4 


1 


SP-1-SP 














Increment Inde* Rag 


(NX 


























OB 


4 


1 


X ♦ 1 - x - * v 




• 


• 


t 


« 


• 


increment Stack Pntr 


INS 


























31 


4 


1 


SP • 1 - SP 














Load Index Rag 


LOX 


CE 


3 


3 


Of 


4 


2 


EE 


6 


2 


FE 


s 


I 








M-X H .(M * 1) -X L 




• 


® 


1 


FI 


• 


Load Suck Pntr 


LOS 


BE 


3 


3 


9E 


4 


2 


AE 




2. 


BE 


$ 


3 








M-SP H . IM » 1) -SP t 




• 




1 


fl 


• 


Store Indai Ref 


STX 








OF 


5 


2 


EF 


7 


2 


Ff 


< 


J 








Xh -M. Xl -(M * 1) 




• 


i 


t 


R 


• 


Stott Suck fnu 


ITS 










5 


2 


Af 


7 


2 


6F 


6 


S 








SP H -M. SP L -IM * 11 




• 


i 


1 


R 


• 


Indx Ra|- Stack Pntr 


TXS 


























35 


4 


1 


X - 1 -SP 




• 


• 


• 


• 


• 


Slack Pntr -*1ndx Ra| 


TSX 


























30 


* 


1 


SP * 1 - X 




• 


• 


• 


• 


• 



Jump and Branch Instructions conn code reg 







RELATIVE 


INDEX 


EXTND 


IMPLIED 




5 


4 


3 


2 


1 





OPERATIONS 


MNEMONIC 


Of 




» 


OF 




id 


OF 




* 


OP 




4 


BRANCH TEST 


H 


1 


M 


I 


V 


c 


Branch Alweyi 


BRA 


20 


4 


2 




















Nona 














Brinch || Cany Clear 


8CC 


24 


4 


2 




















C-0 














Branch II Carry Sal 


BCS 


25 


4 


2 




















C- 1 














Branch II ■ Zero 


BEO 


27 


4 


2 




















Z- 1 












Branch II > Zaro 


BGE 


2C 


4 


2 




















NCBV-0 














Branch II > Zaro 


BGT 


2E 


4 


2 




















Z ♦ IN © VI ■ 














•ranch II Higher 


BHI 


22 


4 


2 




















C + Z-0 














Branch IK Zaro 


B LE 


2F 


4 


2 




















Z ♦ IN © VI ■ 1 














Branch II Loyver Or Sama 


BIS 


23 


4 


2 




















C • 2 - 1 














Branch II < Zaro 


8LT 


2D 


4 


2 




















»®V 1 














Branch II Minn 


BW 


28 


4 


2 




















N- 1 














Branch II Rot Equal Zaro 


BNE 


26 


4 


2 




















Z-0 














Branch II Overflow Clear 


•VC 


28 


4 


2 




















V-0 














Branch II O«rllo» Sal 


BVS 


29 


4 


2 




















V- 1 














Branch II Plui 


BPl 


2A 


4 


2 




















N-0 














Branch To Subroutina 


BSR 


80 


1 


2 


































Jump 


JUP 








SE 


4 


2 


IE 


3 


3 








| Sac Spacial Operation] 














Jump To SubrOulint 


JSR 








AO 


a 


2 


BD 


9 


3 






















Mo Oparonon 


NOP 




















02 


2 




Advance! Prog. Cntr Only 












Raturn From Intarrupi 


RTI 




















3B 


10 








- ® 






























Raturn From Subroutine 


RTS 




















39 




















Soltraaro Intarrupi 


tm 




















3F 


12 




| See Special Operation] 














Wail for Intarrupi 


WAI 




















11 


S 






• 





• 




• 


• 



Condition Coda Ragistar Manipulation Instruction! 



OPERATIONS MNEMONIC 


IMPLIED 


BOOLEAN OPERATION 


S 


4 











OP 




$ 


N 










C 


dear Carry 


CLC 


oc 


2 




0-C 


• 


• 








R 


Clear Interrupt Mack 


CLI 


0E 


2 




0-1 


a 


R 








• 


Deer Ovarflov) 


CLV 


OA 


2 




O-V 


a 


• 








• 


Sal Carry 


SEC 


00 


2 




1 -C 


a 


• 








S 


Sat Intarrupi Mat* 


SEI 


OF 


2 




1 -1 


a 


s 








• 


Sat Oirarllow 


SEV 


oe 


2 




1 -V 


a 


• 






s 


■ 


Acmltr A - CCR 


TAP 


06 


2 




A -CCR 




— © — 




CCR-Acmlti A 


TPA 


0? 


2 




CCR-A 


• 


•! • 


• 


• 


- 



CONDITION CODE REGISTER NOTES: 

(Bu V) 
(Bit 

(8*1 Ten Decimal value of mod woriificant SCO Character greater thin nine? (Not claarad M prav.ouilv eat I 

(Sit VI 1 an- Operand ■ 10OO0O00 prior to execution? 

(Sit V) Tatt: Oparand 7 01 11 1 1 11 prior to execution? 

(Bit V) Tail: Stt equal 1o remit of N©C altar ihift hit occurrad. 

(Sit N) Tail' Sign bit of moil tignilicanl (MS) bytt » 1? 

(Bil V) Ten 2'i complement overTlow from uibiraction of MS bylai? 

(Bit Nl Jmt Reiulilauthan iero> iBii 15 « U 

(Afl) Load ClWHttiow Ccda Reciter from Suck. (Sea Spect.l Oparanont) 

(Bit O Sat whan intarrupi occtm. If previously mi. a Non Maskable Interrupt ti required to sail tha wax tUta. 

(AH) Sat according to tha conienii of Accumulator A. 
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APPENDIX B 
BINARY-TO-BCD CONVERSION 

A standard technique for binary-to-BCD conversion is 
that of the Add 3 algorithm. Figures Bl and B2 show a 
flow diagram and example of this algorithm. The tech- 
nique requires a register containing the N-bit binary 
number and enough 4-bit BCD registers to contain the 
maximum equivalent BCD number for the initial binary 
number. The conversion starts by checking each BCD 
register for a value of 5 or greater. If this condition 
exists in one or all of these registers (initially this con- 
dition cannot exist), then a 3 is added to those registers 
where this condition exists. Next the registers are shifted 
left with the carry out of the previous register being the 
carry in to the next register. Again each BCD register is 
checked for values of 5 or greater. This sequence con- 
tinues until the registers have been shifted N times, where 
N is the number of bits in the initial binary word. The 
BCD registers then contain the resulting BCD equivalent 
to the initial binary word. The example in Figure B2 
starts with an 8-bit binary word consisting of all "l's." 
This word is converted to the BCD equivalent of 255 by 
this technique. After 8 shifts the last binary bit has been 
shifted out of the binary register and the hundreds, tens, 
and units registers contain a 25S. 

Figure B3 shows an MC6800 software routine for per- 
forming this technique of binary to BCD conversion. 
The initial binary number is a 16-bit number and occupies 
memory locations MSB and LSB; this binary number is 
converted to the equivalent BCD number in memory 
locations TENTSD, HNDTHD and UNTTEN. Each of 
these memory locations contains two BCD digits. Eighty- 
three memory locations are required for program storage 
with a maximum conversion taking 1 .8 ms. 



FIGURE B3 - Binary-to-BCD Conversion Software (Paot 1 of 2) 



1 


. 000 


NAM DWAdl 








d 


. 000 


DFT MEM 








•3 


. 000 


♦ 








4 


.000 










5 


.000 


♦ 






♦ 


6 


. 000 


♦ 




B I NARY TO BCD CONVERSION 


♦ 


7 


.000 


♦ 




HDD 3 ALGORITAM 


♦ 


8 
9 


. 000 
.000 


♦ 




16 BIT 


♦ 


1 


.000 


♦ 








1 1 


. 000 


ORG 




INITIAL BINARY NUMBER 




Id 


. 000 


MSB RUB 1 




MOST SIGNIFICANT 3 BI Ti 




13 


. 000 


LiB RMB 1 




LEAST' SIGNIFICANT 8 BITS 




14 


.000 


♦ 








15 


. 000 


♦ 








it 


.000 


♦ 








17 


. coo 


ORG 40010 




BCD RESULTS 




lb 


.000 


urn ten rmb 


1 


UNITS AND TENS DIGITS 




19 


. 


HNDTHD RMB 


1 


HUNDREDS AND THOUSANDS 




£0 


.000 


TENTSD RMB 


1 


TENS OF THOUSANDS DIGIT 




31 


.000 


♦ 








aa 


.000 


♦ 








£3 


.000 


♦ 
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£4. 

25. 
£6. 

£7. 
£8. 
£9. 
30. 
31 . 
3£. 
33. 
34, 
35. 
36, 
37, 
33, 
39 , 
40, 
41 . 
4£, 
43, 
44, 
45, 
46. 
47, 
48, 
49, 
50, 
51 . 
5£, 
53. 
54, 
55, 
56, 
5?. 
58, 
59, 
60. 
61 . 
6£. 
63. 
64. 
65, 
66 . 
67 . 
68 , 
69. 
70. 
71 . 
7£. 
73. 
74. 
75. 



000 
000 
000 
000 
000 
000 
000 
000 
000 
000 
000 
000 
000 
000 
000 
000 
000 
000 
000 
000 
000 
000 
000 
000 
000 
000 
000 
000 

000 
000 
000 
000 

ooo 

000 

000 
000 
000 
000 

00 
000 
000 

000 

00 
000 
000 
000 
000 



ORG SOFOO 
CLR UNTTEN 
CLR HNDTHD 
CLR TEMTSD 
LDX «S0010 
BEGIN LBA fl UNTTEN 
TAB 

ANB A «$0F 

SUB fl «S05 

BMI AT 

ABB B «$03 
AT TBA 

ANB A wiOFO 

SUB fl «S50 

BMI BT 

ABB B «*30 
BT STfl B UNTTEN 
♦ 

LBA A HNBTHB 
TAB 

AND A «S0F 

SUB A :t*05 

BMI CT 

ABU B «S03 
CT TBA 

AMD A «4 0F0 

SUB A «*50 

BMI BT 

ABB B -$3 
BT ST A B HNBTHD 
♦ 

LBA A TENTSB 
TAB 

SUB A "4 05 

BMI ET 

ABB B «S03 
ET ST A B TENTSB 
♦ 
♦ 

ASL LSB 
RDL MSB 
RDL UNTTEN 
ROL HNBTHB 
ROL TENTSB 
BEX 

BNE BEGIN 



END 
nOti 



♦♦BEGINNING DF PROGRAM^ 



UNITS COMPARISON 



TENS CDMPARISDN 



HUNBREBS CDMPARISDN 



TENS DF THOUSANDS COMPARISON 



ENB Or CONVERSION CHECK 



FIGURE B3 - Binary to BCD Conversion Software (Page 2 of 2) 
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AN-769 

Application Note 



AUTORANGING DIGITAL MULTIMETER 
USING THE MC14433 CMOS A/D 
CONVERTER 



This application note describes an 
autorange digital multimeter using the 
MC14433. The multimeter includes ac 
and dc voltage ranges from 200 mV to 
200 V, ac and dc current from 2 mA to 
2 A full scale, and resistance ranges from 
2 kft to 2 Mfi full scale. 
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AUTORANGING DIGITAL MULTIMETER USING 
THE MC 14433 CMOS A/D CONVERTER 



This article describes.. aft autorange digital multimeter 
using the MC14433. The multimeter includes ac and dc 
voltage ranges from 200 mV to 200 V, ac and dc current 
from 2 mA to 2 A full scale, and resistance ranges from 
2 kCl to 2 M« full scale. The MC14433 DVM chip used 
provides a 3-1/2-digit A/D converter with autopolarity, 
autozero and a high input impedance. The chip has over- 
range and underrange information available to simplify 
the design of the autoranging meter. Only two input 
jacks are required for all ranges and functions, eliminating 
the need for changing leads on the instrument when 
changing ranges or functions. Although only four ranges 
are provided for each function, the technique used may be 
expanded to more ranges if desired. 

Range switching is done with the use of mechanical re- 
lays. The relays may be replaced with solid-state analog 
switches; however it was felt that the mechanical relays 
would provide a higher degree of reliability due to the high 
voltage and currents being measured with the multimeter. 

MCI 4433 A/D CONVERTER 

The MC14433 is a single-chip 3-1/2-digit A/D converter 
using a modified dual ramp technique of A/D conversion. 
Housed in a 24-pin package, it features autopolarity, auto- 
zero and a high input impedance. Figure 1 shows the pin 
diagram of the MCI 4433. 



TRUTH TABLE 



Integrator Resistor ' 
& Capacitor : 




Offset Correction 
Capacitor 



Ext Input i 
Clock Remittor 



Vao 


v DO 


rzi 2* « 


5 V 


v,.< 


Q3 






»x 


Q2 


22 


\ Multiplexed 


«t 


Q1 


^" J 


' BCD Outputs 


fl,/C, 


QO 


=3 20 J 




c, 


DS1 


=3 19 > 




COl 


OS2 


=118 


\ D.git Select 


CO 2 


OS3 


=317 


Outputs 


ou 


OS4 


=316 > 




C1R1 


5H 


=3 15 Owerrenge 


C1R0 


EOC 


=3 14 End of Conversion 


VEE 


V SS 


=3 13 





FIGURE 1 - MC14433 Pin Anignnwnt 

The output of the MCI 4433 is 3-1/2-digit multiplexed 
BCD with the MSD containing not only the half digit but 
also the polarity of the input, overrange and underrange 
information. Figure 2 shows the decoding for the MSD. 
The digit selects for the multiplexed BCD have interdigit 
blanking to ensure correct BCD data during the time that 
the digit select is true. 

The converter is ratiometric and requires an external 



Coded Condition 










t BCD to 7 Segment 


of MSD 


Q3 


Q2 


Q1 


Q0 


Decoding 


+0 


1 


1 


1 





Blank 




-0 


1 





1 





Blank 




+0UR 


1 


1 


1 


1 


Blank 




-0 UR 


1 





1 


1 


Blank 




♦ 1 





1 








4 -> 1 


Hook up 


-1 














0-M 


only sag b 


+ 1 OR 





1 


1 


i 


7 -» 1 


and c to 


-1 OR 








1 


i 


3 - 1 


MSD 



Notes for Truth Table 

0.3 - 54 digit, low for "1 ", high for "0" 
Q2 - Polarity: "1" = positive, "0" = negative 
Q0 — Out of range condition exists if Q0 ■ 1 . When used in 
conjunction with Q3 the type of out of range condition 
is indicated, i.e., Q3 - - OR or Q3 = 1 - UR. 

When only segment b and c of the decoder are connected 
to the V, digit of the display, 4, 0, 7 and 3 appear as 1 . 

FIGURE 2 — MSD Coding 

reference voltage. This voltage is 2.000 volts for the 
1.999 volt range and 200 mV for the 199.9 mV full scale 
input. Both the unknown and reference inputs and analog 
ground are high-impedance inputs. External components 
required are two resistors and two capacitors. 

The MC14433 has an End of Conversion (EOC) pin for 
indicating the end of one conversion and the start of the 
next conversion by a positive pulse 1/2 clock period long. 
The device also contains a display update pin which allows 
the data to be strobed into the output latches. If at least 
one positive edge is received prior to the ramp down 
cycle, new data is strobed to the display. Normally this 
pin is tied to EOC to allow a data update each conversion 
cycle. 

The MCI 4433 requires two power supplies. The total 
voltage must not exceed 18 volts. Pin 13 is the reference 
level for the output of the MCI 4433. If this pin is tied to 
volts, the BCD output, digit selects and EOC will swing 
from volts to Vqj). If, however, pin 1 3 is tied to Vgf, 
the output swing will be from Vgg to Vrjr> 

The clock for the MCI 4433 is internal to the chip, re- 
quiring only a single external resistor to set the frequency. 
An external clock may be used by driving pin 10. The 
total conversion time for the MCI 4433 is approximately 
16400 clock periods. This conversion time includes the 
autozero cycle and the unknown input measurement cycle. 

AUTORANGING CIRCUITRY 

Figure 3 shows the autoranging DMM. The heart of 
the autoranging circuitry is an MCI 403 5B CMOS shift 
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FIGURE 3 - 3-1/2-OW Autoranaing MultlnwWf 



register which can be configured to shift either right or 
left. The direction of the shift is dependent upon whether 
an overrange or underrange signal is received at the end of 
each conversion. If the meter is in range, no shift signal 
is received. For an overrange condition, a high level is 
clocked to the right, and for an underrange condition 
the high level is clocked to the left (see Figure 4). The 
Exclusive OR gates decode the shift register output to 
produce only one output high. This output is used to 
turn on the corresponding range relays. 



MC1403S Output 



0.0 


Q1 


Q2 


Q3 













1 








Not 


1 


1 
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FIGURE 4 - Shift Ragiiter Operation for Autoranging DMM 

If at the end of the next conversion the MCI 4433 is 
still either overrange or underrange, the shift register 
receives another clock pulse and thus the next range is 
selected. When an extreme overrange or underrange 
condition occurs the register is filled with all "ones" or 
all "zeros" which selects continuously either the highest 
or lowest range. Input voltages that exceed 200 volts as 
well as complete overrange conditions for the other func- 
tions cause the display to blink on and off. This feature 
is provided by the second half of the MCI 40 13 flip-flop. 
The blinking rate is at half the conversion rate. 

Figure 5 describes the functional operation for each 
range and function for the multimeter. The 2-volt refer- 
ence is used for the ohms function, which means that 2 
volts are developed across the unknown resistors at full 
scale. All current ranges use the 200-mV reference, while 
for voltage both the 200-mV and the 2-volt reference 
are used. 



MC14066B transmission gates are used to switch be- 
tween the 2-volt reference and the 200-mV reference. A 
transmission gate is also used to reduce the integrator 
resistor for the 200-mV range. In the current mode, 
transmission gates are used to switch the input of the 
MC 14433 to the appropriate current-measuring resistor. 
This is necessary to eliminate the problem of measuring 
the voltage across the contact resistance of the function 
switch and relays in addition to the voltage across the 
current resistor. MR501 rectifiers are placed across the 
current resistors to limit the power dissipation during 
overrange conditions. 

A ±6-volt power supply is used for the multimeter, 
with the logic sections referenced to the -6-volt level. 
This power supply is shown in Figure 6 and uses the 
MC7806 and MC7906 three -terminal regulators. 
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The circuitry for the ohms section is in Figure 7. 
The outputs of the ohms section connect to the function 
switch at points W, X, Y and Z. One-fourth of a quad op 
amp and a transistor are used to create a current source 
for each of the four ranges. The 20-kf2 pot is adjusted so 
that 1 volt is across the reference resistor. This provides 
current sources of 1 mA, 100 /iA, 10 fiA, and 1 /jA. A 
single pot may be used as shown, or four individual pots 
may be used to provide more accuracy by adjusting out 
the amplifier offset. 

For ac operation, an operational amplifier is switched 
in between the MCI 4433 and its preceding circuitry. The 
op amp configuration in Figure 8 is a precision ac rectifier 
that is calibrated to produce the RMS reading for a sine 
wave. Following the precision rectifier a single-pole filter 
is used to provide a dc level for the MCI 4433. Upper 



and lower frequency limits for ac operation are 30 kHz 
and 20 Hz. 

A switch is placed in the clock line for a range hold 
switch. When in the hold mode, clock pulses are pre- 
vented from clocking the MC14035B shift register. This 
feature allows several measurements to be made on a 
high range without the multimeter switching back to the 
low range between measurements. 

The meter must not only be protected from destroying 
itself during overrange conditions but must also continue 
to make proper overrange measurements so that the next 
range may be selected. The analog input to the MC14433 
is internally diode protected. The multimeter has a 
1 00-kfi resistor in series with this input to limit the cur- 
rent during overvoltage measurements. 



FIGURES- AC Circuitry 
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AN-770 

Application Note 



DATA ACQUISITION NETWORKS 
WITH NMOS AND CMOS 



This article describes an eight-channel 
data acquisition network (DAN) using the 
Motorola MC14433 CMOS A/D converter 
and the M680O microprocessor family. 
The A/D conversion technique used with 
the MC14433 is a modified dual ramp 
featuring auto-zero, auto-polarity, and 
high input impedance. Both hardware and 
M6800 software are shown for the DAN. 
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DATA ACQUISITION NETWORKS WITH NMOS AND CMOS 



LSI technology is making it easier and less expensive to 
design and build complex electronic systems. This fact 
holds true for Data Acquisition Networks (DANs) due to 
the new single chip A/Ds and microprocessor systems. 
Thus, it is now feasible to build your own data acquisition 
network instead of buying a completed system, and there- 
by save money. 

This article discusses an eight-channel DAN using the 
Motorola MCI 4433 CMOS A/D converter and the M6800 
microprocessor. The number of channels can be expanded 
or reduced very simply. In addition to the eight channel 
DAN the program for a single channel system is shown. 
The inputs to the system, positive or negative polarity, are 
multiplexed with a CMOS analog multiplexer. 

MC14433 A/D CONVERTER 

The MC 14433 is a single chip 3Vi digit A/D converter 
using a modified dual ramp technique of A/D conversion. 
Housed in a 24 pin package it features auto-polarity, auto- 
zero and a high input impedance. Figure 1 shows the pin 
diagram of the MC14433. 

The output of the MC 14433 is VA digit multiplexed 
BCD with the MSD containing not only the half digit but 
also polarity of the input, overrange and underrange 
information. Figure 2 describes the decoding for the MSD. 
The digit selects for the multiplexed BCD have interdigit 
blanking to ensure correct BCD data during the time that 
the digit select is true. 

The A/D converter is ratiometric and requires an ex- 
ternal reference voltage. This reference voltage is 2.000 
volts for the 1.999 volt range and 200 mV for a 199.9 mV 



full scale input. Both the unknown and reference inputs 
and analog ground are high impedance inputs. Other 
external components required are clock resistor, inte- 
grator resistor and capacitor, and offset capacitor. Precision 
components are not required. 

Of particular interest for the data acquisition systems 
are the display update (DU) and the end of conversion 
(EOC) pins. The EOC pin indicates the end of one conver- 
sion cycle and the start of the next conversion by a posi- 
tive pulse one-half clock period long. The display update 
pin is an input to the chip which allows the data to be 
strobed into the output latches. If at least one positive 
edge is received prior to the ramp down cycle, new data 
is strobed to the display. In a stand alone A/D system, 
EOC is connected to DU. 

Also of significance to the data acquisition network is 
the input polarity detection sequence for the MCI 4433. 
Polarity for the current conversion cycle is determined in 
the previous conversion cycle. Thus if the polarity is 
reversed, a second conversion cycle must be made in order 
to obtain a correct measurement. 

The MC 14433 requires two power supplies. The total 
voltage across the device must not exceed 18 volts. Pin 13 
is the reference level for the output circuitry of the 
MC14433. If this pin is tied to volts, the BCD output, 
digit select and EOC will swing from volts to Vpp. If 
however, pin 13 is tied to Vgg, the output swing will be 
from V E£ to V DD . 

The clock for the MCI 4433 is internal to the chip, 
requiring only a single external resistor to set the fre- 
quency. An external clock may be used by driving pin 10. 
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FIGURE 1 - MC14433 Pin Assignment 
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Notes for Truth Table 

Q3 — Va digit, low for "1 ". high for "0" 

Q2 - Polarity: "1 " = positive. "0" = negative 

Q0 - Out of range condition exists if Q0 = 1. When used in 
conjunction with Q3 the type of out of range condition 
is indicated, i.e.. Q3 ■ - OR or Q3 ■ 1 - UR. 

When only segment b and c of the decoder are connected 
to the V. digit of the display, 4, 0, 7 and 3 appear as 1 . 

FIGURE 2 - MSD Coding 

The total conversion time for the MCI 4433 is approxi- 
mately 16400 clock periods. This conversion time includes 
the auto-zero cycle and the unknown input measurement 
cycle. The clock frequency may be operated up to about 
400 kHz producing a conversion time of 40 ms. 

MPU 

The Motorola microprocessor system devices used are 
the MC6800 MPU, MCM6810 RAM, MCM6830 ROM and 
MC6820 PIA (peripheral interface adapter). The following 
is a brief description of the basic MPU system as it per- 
tains to the A/D systems presented later in this applica- 
tion note. 

The Motorola MPU system uses a 16-bit address bus and 
an 8-bit data bus. The 16-bit address bus provides 65,536 
possible memory locations which may be either storage 
devices (RAM, ROM, etc.) or interface devices (PIA, etc.). 
The basic MPU contains two 8-bit accumulators, one 16-bit 
index register, a 16-bit program counter, a 16-bit stack 
pointer, and an 8-bit condition code register. The condition 
code register indicates carry, half carry, interrupt, zero, 
minus, and 2's complement overflow. Figure 3 shows a 
functional block of the MC6800 MPU. 

The MPU uses 72 instructions with six addressing 
modes which provide 197 different operations in the MPU. 
A summary of each instruction and function with the 
appropriate addressing mode is shown in the MC6800 
data sheet. 

The RAMs used in the system are static and contain 
128 8-bit words for scratch pad memory while the ROM is 
mask programmable and contains 1024 8-bit words. The 
ROM and RAM, along with the remainder of the MPU 
system components, operate from a single +5 volt power 
supply; the address bus, data bus and PIAs are TTL 
compatible. 

The MPU system requires a 2<t> non-overlapping clock 
such as the MC6875* with a lower frequency limit of 100 
kHz and an upper limit of 1 MHz. 

•MC6875 to be introduced second quarter 1977 



FIGURE 3 - MPU Pin Functions 

The PIA is the interface device used between the address 
and data buses and the analog sections of the A/D. Each 
PIA contains two essentially identical 8-bit interface ports. 
These ports (A side, B side) each contain three internal 
registers that include the data register which is the inter- 
face from the data bus to the A/D, the data direction regis- 
ter which programs each of the eight lines of the data 
register as either an input or an output, and the control 
register which, in addition to other functions, switches the 
data bus between the data register and the data direction 
register. Each port to the PIA contains two addition pins, 
CA1 and CA2, for interrupt capability and extra I/O lines. 
The functions of these lines are programmable with the 
remaining bits of the control register. Figure 4 shows a 
functional block of the MC6820 PIA. 

Each PIA requires four address locations in memory. 
Two addresses access either of the two (A or B sides) data/ 
data direction registers while the remaining two addresses 
access either of the two control registers. These addresses 
are decoded by the chip select and register select lines of 
the PIA which are connected to the MPU address bus. 
Selection between the data register and data direction 
register is made by programming a "1" or "0" in the third 
least significant bit of each control register. A logic "0" 
accesses the data direction register while a logic "1" 
accesses the data register. 

By programming "0"s in the data direction register each 
corresponding line performs as an input, while "l"s in the 
data direction register make corresponding lines act as 
outputs. The eight lines may be intermixed between inputs 
and outputs by programming different combinations of 
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FIGURE 4 

"l"s and "0"s into the data direction register. At the 
beginning of the program the I/O configuration is pro- 
grammed into the data direction register, after which the 
control register is programmed to select the data register 
for 1/0 operation. 

8-CHANNEL DATA ACQUISITION NETWORK 

Figures 5 and 6 are the flow diagram for the 8-channel 
data acquisition network. Figure 5 shows the basic opera- 
tion of the program while Figure 6 provides more detail 
on the A/D conversion routine. These flow diagrams relate 
to the actual software shown in Figure 8. The hardware 
required for the data acquisition is shown in Figure 9; as 
can be seen, it is fairly simple, consisting of the MC14433, 
MCI 403* reference, MCI 405 IB analog multiplexer, arid 
an MC6820 PIA. The PIA is used as the interface between 
the microprocessor address and the data bus to the A/D. 
The microprocessor and associated memory are not shown 
due to a wide variety of forms possible depending upon 
the task that the total system is performing. 

The reference for the MC 14433 is an MCI 403 bandgap 
reference which provides an output voltage of 2.5 volts. 
This voltage is divided down by the 20 kfi pot to the 2.000 
volt reference required by the MC14433. If a 200 mV 
reference is used, full scale for the DAN will be 199.9 mV. 

The analog multiplexing required to handle the eight 
input channels is provided by a MC14051B CMOS multi- 
plexer. This device selects one of eight inputs with a 3-bit 
binary code. The device is capable of switching dual 
polarity (plus or minus inputs) with a single polarity 
control voltage. 

•MCI 403 to be introduced first quarter 1977. 



PIA Functions 

The MC 14433 BCD output and digit select outputs are 
connected to the B side of the PIA as shown in lines 21-28 
of the software routine. These lines of the software are 
comment lines only and do not result in code for the 
microprocessor. The B side data register of the PIA is 
labeled throughout the program as PIA1BD while the con- 
trol register is labeled PIA1BC. The control I/O lines 
(CB1 and CB2) of the B side PIA are connected to EOC 
and DU of the MC1433. 
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FIGURE 5 - Basic Operation of 8 Channel DAN 
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The first executable instruction for the program is in 
line 55 and starts a section called PIA assembly. The PIA 
sets the A side data register as all outputs and the B side 
data register as all inputs. From there the program goes to 
the main program simulation which, as its name implies, 
is a simulation of the user's main program. At such time 
in the user's program that some analog information is 
required, the A/D conversion subroutine starting in line 
75 is executed. This routine synchronizes the program 
with the A/D conversion cycle and selects the first channel 
to be measured. 

After the A/D conversion cycle for the first channel is 
completed the microprocessor is interrupted by the EOC 
of the MCI 4433. The interrupt program of line 88 is then 
executed; this demultiplexes the BCD output of the 
MC 14433 and stores the data in memory. After completing 
he interupt program the microprocessor returns to the 



A/D conversion subroutine and the next channel is 
selected. When the measurement of channel 2 is com- 
pleted, the interrupt program is then executed and the 
resulting data stored away in memory. This procedure is 
repeated until all eight channels are read, after which the 
MPU returns to the main program. At this point the data 
obtained in the A/D conversion subroutine may be pro- 
cessed as required. 

Looking at the software for the 8-channel data acquisi- 
tion network in more detail, program storage of the final 
results begins in memory location $0010. Each BCD 
character is stored in the four LSBs of these memory 
locations. See Figure 7 for explanation of data storage. 
Each of the eight channel readings requires four memory 
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cycie tne index register points to the MSD of that channel. 
This address is also stored at memory location called 
STORL. 

Memory location TEST has two purposes; the first is 
for keeping track of which WAI was executed when the 
MPU was in the interrupt routine. This is required since 
more than one A/D conversion cycle is required for each 
channel. For the first channel three EOC pulses are re- 
quired, while the remaining channels require only two 
A/D conversion cycles. The extra A/D conversion cycle in 
the first channel is used to synchronize the A/D converter 
to the MPU system. The second A/D conversion cycle in 
the first channel and the first conversion cycle of the 
remaining channels ensure that the polarity is correct for 
the current input. This is required since the MC14433 
determines polarity in the previous conversion cycle. 

Since the display update pin is edge triggered it must 
be taken high and low again in each conversion cycle 
when the data is to read by the MPU. The DU pin is taken 
high prior to the WAI for the measurement and low in the 
interrupt routine after the EOC occurs. 

As mentioned previously, the multiplexed BCD data 
from the MC 14433 is demultiplexed in the interrupt 
routine. A -'1" is placed in bit 4 of POINTR which is 

FIGURE 8 — 8-Channat 



select occurs to look for the next successive digit select line. 

After all four digits are placed in memory the MSD is 
checked for overrange. If this condition occurs an $F1 is 
placed in the MSD for this channel. Otherwise the half 
digit and polarity are decoded. Memory location TEST is 
now used as a temporary storage location to decode the 
polarity. The half digit is placed in the LSB of the MSD 
and negative polarity is indicated by placing a "1" in the 
MSB of the MSD. 

The 8-channel DAN conversion time is approximately 
320 ms with a 400 kHz clock frequency on the MCI 4433. 

SAMPLE AND HOLD 

The dual ramp A/D conversion process requires that 
the input to the A/D remain constant during the conversion 
cycle. If it does not, a sample and hold circuit must be 
used to insure a constant input. 

SINGLE-CHANNEL DAN 

Figure 10 contains the software for a single-channel 
DAN. The hardware will be the same as Figure 8 except 
for the analog multiplexing. The program is the same 
except for the analog multiplexer control. 
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INTRODUCTION 

This application note will supplement information in 
the MC6108 data sheet by describing the detailed re- 
quirements for interfacing the Analog-to-Digital convert- 
er to a microprocessor. The hardware requirements, and 
the programming necessary to execute a conversion and 
read the data, in several different configurations, will be 
discussed. The microprocessor used in developing this 
application note is the MC6802 (operating off a 3.58 MHz 
crystal), a representative sample of the MC6800 family. 

Because of the short conversion time of the MC6108, 
"Wait" states and "Wait for Interrupt" instructions are 
generally not needed with most microprocessors. The mi- 
croprocessor can issue a CONVERT instruction, and im- 
mediately thereafter, issue a READ instruction, regardless 
of whether the MC6108 is read through a port (MC6821), 
or read off the bus directly. 



MC6108 OPERATION 

The MC6108 is a high-speed, 8-bit, AID converter using 
the familiar Successive Approximation technique. Refer- 
ring to the block diagram in Figure 1, the device includes 
the SAR, 8-bit DAC, comparator, 2.5 volt precision ref- 
erence, matched resistors for +10, +5 and ±5 volt in- 
puts, and control logic. 

By connecting the internal temperature stable 2.5 volt 
reference to the Gain R pin, a reference current of =1 
mA is supplied to the DAC. That current is gained up 
by x4 by the DAC, and then attenuated by the digital 
code from the SAR. The analog input signal is applied 
to Rj n (for to + 10 volts), or R ff for to +5 volts, and 
the current from that signal is compared with the DAC's 
output current by the comparator during the successive 
approximation process. The converter will accept a ±5 
volt input by connecting the 2.5 volt reference to R ff, 
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Figure 1. Block Diagram 
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and the input to Rj n . Other input voltages can be ac- 
commodated by using external resistors at Ref In and 
+ Comp, instead of the internal resistors, and ground- 
ing Gain R, Rj n , and R ff In the circuits tested for this 
application note, the analog side of the MC6108 was 
configured as shown in Figure 2. 
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Figure 2. Analog Connections 



Proper operation with a 5 MHz clock is guaranteed, al- 
though with careful attention to detail, clock rates as high 
as 10 M Hz can be used. The control signals include Chip 
Selec t (C S), Clo ck, Rea d (RL Start (S), Conversion Com- 
plete (CC), Data/Status (D/ST), and Code Select (CodeSel). 
The digital inputs and outputs are TTL compatible, with 
3-state capability controlled by the above inputs. 



Figure 3 shows the timing of the MC6108 during a con- 
version. The clock need not be synchronous with the 
other signals, and can run continuously. CS enables the 
device, and S must receive an active low pulse to initiate 
the conversion. The timing requirements are two: DCS, 
S, and Clock must be simultaneously low for a minimum 
of 50 ns (they may go low in any sequence); and 2) at 
least one low-to-high clock transition must occur during 
the S low time. After S switches high, the conversion 
starts on the next clock rising edge. The conversion re- 
quires 7 clock cycles thereafter. 

CC (Conversion Complete) switches high at the begin- 
ning of the conversion process (when S, CS, and Clk are 
low) to indicate "busy," and switches low at the clock's 
rising edge corresponding to the end of the conversion. 
The data outputs (D7-D0) are in a high impedance (3- 
state) mode during the conversion, and go active (within 
40 ns) after CC switches low. The outputs are also in the 
3-state mode whenever CS is high. 

Not sihown in Figure 3 is the effects of the R (READ) 
input. R affects the state of the outputs in that when R is 
low, the outputs are active (ifCS is low and the MC6108 
is not converting), and taking R high puts the outputs into 
the 3-state mode. The difference between R and CS is 
that CS, when high, inhibits a conversion, whereas R does 
not affect the conversion process. Therefore, in the fol- 
lowing examples where the MC6108 is connected directly 
to the microprocessor bus, CS is hard-wired low, S will 
initiate the conversions, and R will be controlled by the 
address decoder when data is_to be read. Where the 
MC6108 is read through a port, R is hard-wired low. 

ADDRESS DECODING 

In order for the MC6802 microprocessor to read data 
from memory or memory-like devices (the MC6108 is a 
"read only" device), the timing requirements of Figure 5 
must be satisfied. The requirements are that the data from 
the MC6108 must be valid while R/W is high, while VMA 
(Valid Memory Address) is high (which ensures the ad- 
dress to the decoder is valid), and while the E clock is 
high. 
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Figure 4. Address Decoder 



In the microprocessor circuit used to develop the fol- 
lowing examples, the address block E800|-|-EFFFh was 
unused, and so the address EB01h was chosen for the 
MC6108. Since the entire block of 1K bytes was free, an 
incomplete decoding was possible, simplifying the 
decoder. Figure 4 is the schematic of the decoder, which 
uses three LS ICs, plus two inverters. Address lines A15 
through A7, and AO, are used to activate the MC6108 at 
address EB01 although any address satisfying the code 
1110 1011 Oxxx xxxl will work. If other addresses satis- 



fying that code interfere with other devices in the system, 
then a more complete decoding involving A6-A1 is 
necessary. 

R/W, E (phase 2 clock), and VMA are also included in 
the decoder to satisfy the requirements of the MC6802 
microprocessor. The LS155 (along with the LS20) pro- 
vides a decode (active low) for each of the 1 K blocks from 
EOOOh through FFFFh- The LS30 provides the rest of the 
decoding, and provides an active low output which is 
connected directly to the R input on the MC6108. 



^jr 2.4 V 

\ 0.4 V 



- 'acc - 



2.0 V 



0.8 V 



-lDSR-»- 



f— IAH 



DATA VALID 



2.4 V 



R/W 



ADDRESS 2.4 V 
FROM MPU 

2.4 V - 



VMA 



DATA 

FROM MEMORY 
OR PERIPHERALS 



0.4 V 



-'AD- 



-«AD- 



-tAD- 



kWWWN DATA NOT VALID 



Figure 5. MC6802 Read Data From Memory 
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CIRCUIT EXAMPLES 

The following seven examples include: 

— The MC6108 directly on the microprocessor bus, 
controlled from a port (MC6821), and clocked from 
an independent, asynchronous clock (examples 1 
and 2). 

— The MC6108 directly on the microprocessor bus, 
controlled from a port (MC6821), and clocked from 
the microprocessor system clock (example 3). 

— The MC6108 directly on the microprocessor bus, 
controlled with discrete logic rather than a port, and 
using an asynchronous clock (example 4). 

— The MC6108 data outputs and control lines on a 
port, and using an asynchronous clock (examples 5 
and 6). 

— The MC6108 data outputs and control lines on a 
port, and using the microprocessor system clock 
(example 7). 

All of the examples involve initializing the port where 
necessary, reading the MC6108 1024 times, and storing 
the 1K bytes in memory. The port (MC6821 PIA) is at the 
following address locations: Port A/Data Direction Reg. 
A @ E480h, Control Reg. A @ E481h, Port B/ Data Direc- 
tion Reg. B (o E482h, and Control Reg. B (a E483|-|- The 
1K bytes of data are stored at E000|-|-E3FFh, and those 
beginning and ending addresses are stored at 
007Ch-007Fh (for use with the Index Register). The 
addresses used for the instructions in the listings are for 
reference only. 



Address OpCode Mnemonic 



01 86 LDAA #$2C 

02 2C 

03 B7 STAA $E483 

04 E4 

05 83 

06 86 

07 E0 

08 97 

09 7C 
OA 7F 
0B 00 
0C 7D 
0D OE 
0E 7C 
OF 86 

10 E4 

11 97 

12 7E 

13 7F 

14 00 

15 7F 

16 B6 

17 E4 

18 82 

19 B7 
1A E4 
1B 82 
1C B6 
1D EB 
1E 01 
1F A7 

20 00 



EXAMPLES 1-4 

Examples 1-3 use the MC6821 PIA (Peripheral Interface 
Adapter) to provide the start pulse (S) to the MC6108. 
Examples 1 and 3 make use of the PIA's ability to output 
a single active low pulse at CB2 in response to a "write" 
operation to the B port, by loading the B control register 
(CRB) bits 5, 4 and 3 with a 101. The pulse width is one 
E clock cycle (1.117 fis). Example 2 uses bit 7 of port A 
(PA7) to provide the S pulse for those cases where the 
CB2 pin is not available. The pulse width is seven E clock 
cycles (7.8 /ts) as a result of the instructions used. 

Example 4 eliminates the need for a port, instead using 
an address decoding technique to provide both the Start 
pulse, and the reading of the data. 



EXAMPLE #1 

Since port B of the PIA may be used for other periph- 
erals, with some or all lines as outputs, this program se- 
quence involves first reading port B's Peripheral Data 
Register, and then writing back the same information, so 
as to not disturb the outputs. The write operation creates 
the pulse at the CB2. The data from the MC6108 is read 
immediately thereafter. See Figure 6 for the schematic, 
and Figure 7 for the timing involved. 

Notes 



Start Initialization- 



Set CB2 to Output 



LDAA #$E0 
STAA $7C 
CLR $7D 

LDX $7C 
LDAA #$E4 
STAA $7E 
CLR $007F 

LDAA $E482 

STAA SE482 

LDAA $EB01 

STAA $00,X 



-Start Read/Store Program- 
Load 007C, 7D with E000 



I 
I 

Set Index Register to EOOOh 



Load 007E, 7F with E400 



I 

Read Data at Port B 

Write Data back to Port B; CB2 pulses low 
for one E Cycle (S pulse). 

Read 6108 Data 
Store 6108 Data 
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Address 


OpCode 


Mnemonic 


Notes 
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Increment Index Register 
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Compare Index Reg. with 7E/7Fh (E400) 
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Branch if 2^ tn £0029 
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Jump to $0016 — Read Next Byte 
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1K Bytes stored — Next Instruction 
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Figure 6. Reading Data Off The Bus — Example #1 

EXAMPLE #2 

This example involves using bit 7 of the PIA's port A 
(PA7) to provide the S pulse. The program sequence in- 
volves writing to the A port to bring PA7 low, then high, 
and then reading the data from the MC6108. See Figure 
8 for the schematic, and Figure 9 for the timing involved. 



START 




5U 5W 3 5 300ns 



Figure 7. Example #1 Timing 



Address 



OpCode 



Notes 



-Start Initialization- 



00 


7F 


CLR $E481 


Access PIA's DDRA 


01 


E4 






02 


81 
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86 


LDAA #$80 
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Set PA7 = Output (PA7 will provide S pulse) 
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Access Per. Data Reg. A 
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Set PA7 = 1 


10 


E4 






11 


80 




-End Initialization- 








Start Read/Store Program- 


12 


86 


LDAA #$E0 


Load 007C, 7D with E000H 


13 


E0 




14 


97 


STAA $7C 




15 


7C 






16 


7F 


CLR $7D 




17 


00 






18 


7D 






19 


DE . 


LDX $7C 


Set Index Register to EOOOh 


1A 


7C 
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Address OpCode Mnemonic Notes 



1B 86 LDAA #$E4 Load 007E. 7F with E400 H 

1C E4 

1D 97 STAA $7E 

IE 7E 

1F 7F CLRS007F 

20 00 

21 7F | 

22 7F CLR $E480 Set PA7 = 

23 E4 \ 

24 80 V 

25 86 LDAA #$80 / S pulse 

26 80 / 

27 B7 STAA $E480 Set PA7 = 1 / 

28 E4 / 

29 80 / 
2A B6 LDAA $EB01 Read 6108 Data 
2B EB 

2C 01 

2D A7 STAA$00,X Store 6108 Data 

2E 00 

2F 08 INX Increment Index Register 

30 9C CPX $7E Compare Index Reg. with 7E/7Fh (E400h) 

31 7E 

32 2C BGE $03 Branch IF to $0037 

33 03 

34 7E JMP $0022 Jump to $0022 — Read Next Byte 

35 00 

36 22 

37 ?? ? 1K Bytes stored — Next Instruction 




EXAMPLE #3 

This example is similar to example #1, except that the 
microprocessor's system clock (E) is used by the MC6108, 
rather than the faster 5 MHz clock. Because of the clock 
cycles required by the MC6108 to complete its conver- 
sion, 3 No Op instructions (6 dock cycles) are inserted 
between the start command (S pulse), and the reading 



of the data. The program sequence involves reading port 
B, and then writing back the same information so as to 
not affect any outputs. The write operation creates the S 
pulse at the CB2 output. The data is then read (after the 
3 No Ops). See Figure 10 for the schematic, and Figure 
11 for the timing involved. 
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Address 



OpCode 



Mnemonic 



Notes 



01 
02 
03 
04 
05 

06 
07 
08 
09 
OA 
0B 
OC 
OD 
OE 
OF 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
1A 
1B 

1C-1E 

IF 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

2A 

2B 

2C 



86 
2C 
B7 
E4 
83 



EO 

97 

7C 

7F 

00 

7D 

DE 

7C 

86 

E4 

97 

7E 

7F 

00 

7F 

B6 

E4 

82 

B7 

E4 

82 

3x01 

B6 

EB 

01 

A7 

00 

08 

9C 

7E 

2C 

03 

7E 

00 

16 

?? 



LDAA #$_2C 
STAA $E483 

LDAA #$E0 
STAA $7C 
CLR $7D 

LDX $7C 
LDAA #$E4 
STAA $7E 
CLR S007F 

LDAA $E482 

STAA $E482 



3 No Ops 
LDAA $EB01 



STAA $00,X 
INX 

CPX $7E 
BGE $03 
JMPS0016 

77 



-Start Initialization- 



Set CB2 to Output 



-Start Read/Store Program- 
Load 007C, 7D with E000 



Set Index Register to E000h 

Load 007E, 7F with E400 

I 
I 
I 
I 
I 
I 
I 

Read Data at Port B 



Write Data back to Port B; CB2 pulses low 
for one E Cycle (S pulse) 

MC6108 is converting 
Read 6108 Data 



Store 6108 Data 

Increment Index Register 

Compare Index Reg. with 7E/7Fh (E400) 

Branch IF s to $002C 

Jump to $0016— Read Next Byte 

1K Bytes stored — Next Instruction 



ADDRESS 
DECODER 
(FIGURE 4) 
-EBOIh- 



MC6821 
PIA 



CB2 



or 







R 






MC6108 


CLK 




S 


D0-D7 



///////, 



DATA BUS 



Figure 10. Reading Data Off The Bus — Example #3 



E CLOCK 



R INPUT 



START 




Figure 11. Example #3 Timing 
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EXAMPLE #4 

This_ example does_not use a PIA port for either the 
start (S) or the Read (R) operation, but instead uses some 
gates in addition to the address decoder of Figure 4. Ad- 
dress line AO is removed from its place in Figure 4, and 
instead implemented as shown in Figure 12 so as to pro- 
vide decoding at two addresses (EBOOh and EB01 h)- The 
microprocessor is made to read address EBOOh, creating 
an active low pulse at S. The width of the pulse is 0.56 
IMS (1/2 E clock cycle), which is wide enough when using 

Address OpCode Mnemonic 



00 


86 


LDAA #$E0 


01 


EO 




02 


97 


STAA $7C 


03 


7C 




04 


7F 


CLR $7D 


05 


00 




06 


7D 




07 


DE 


LDX $7C 


08 
09 


7C 
86 


LDAA #$E4 


OA 


E4 




0B 


97 


STAA $7E 


OC 


7E 




0D 


7F 


CLR $007F 


0E 


00 




OF 


7F 




10 


B6 


LDAA $EB00 


11 


EB 




12 


00 




13 


B6 


LDAA $EB01 


14 


EB 




15 


01 




16 


A7 


STAA $00,X 


17 


00 




18 


08 


INX 


19 


9C 


CPX $7E 


1A 


7E 




IB 


2C 


BGE $03 


1C 


03 




1D 


7E 


JMPS0010 


1E 


00 




IF 


10 




20 


?? 


? 



a 5 MHz clock for the MC6108. Due to the requirements 
of the MC6108, the minimum clock frequency usable in 
this configuration is 2x^E clock frequency. Reading the 
data, by means of the R input is the same as in the pre- 
vious examples. The two LS04 inverters in series with the 
lower OR gate provide a propagation delay to allow for 
the propagation delay of the address decoder block, thus 
preventing glitches at the S input. Figure 13 shows the 
timing involved. 

Notes 



-Start Read/Store Program- 
Load 007C, 7D with E000 H 



Set Index Register to EOOOh 
Load 007E, 7F with E400 H 



Read $EB00 — create S pulse through 
Address Decode Logic 

Read 6108 Data 



Store 6108 Data 

Increment Index Register 

Compare Index Reg. with 7E/7Fh (E400h) 

Branch IF s to $0020 

Jump to $0010 — Read Next Byte 



IK Bytes stored — Next Instruction 
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EXAMPLES 5-7 

Examples 5-7 use the MC6821 PIA for reading the data 
(through its B port) from the MC6108, as well as for the 
control. Examples 5 and 7 make use of the PIA's ability 
to output a single active low pulse at CB2 in response to 
a "write" operation to the B port, by loading the B control 
register (CRB) bits 5, 4, and 3 with a 101. The pulse width 
is one E clock cycle (1.117 /is). Example 6 uses bit 7 of 
port A (PA7) to provide the S pulse for those cases where 
the CB2 pin is not available. The pulse width is seven E 



clock cycles (7.8 /is) as a result of the instructions used. 

EXAMPLE #5 

The program sequence for this example is to write a 
00h to the B port to create the pulse at CB2 (writing to 
inputs does not affect them), and then reading the same 
port to obtain the MC6108's data. The conversion se- 
quence requires one No Op before the read instruction 
due to the setup time required by the PIA. See Figure 14 
for the schematic, and Figure 15 for the timing involved. 



Address 



OpCode 



Mnemonic 



Notes 



01 
02 
03 
04 
05 
06 
07 
08 
09 
OA 
0B 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
1A 
IB 
1C 
1D 
1E 
1F 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
2A 
2B 
2C 
2D 
2E 
2F 
30 
31 



7F 
E4 
83 
7F 
E4 
82 
86 
2C 
B7 
E4 
83 

86 
E0 
97 
7C 
7F 
00 
7D 
DE 
7C 
86 
E4 
97 
7E 
7F 
00 
7F 
7F 
E4 
82 
01 
B6 
E4 
82 
A7 
00 
08 
9C 
7E 
2C 
03 
7E 
00 
20 
?? 



CLR $E483 

CLR 

LDAA #$2C 
STAA $E483 

LDAA #$E0 
STAA $7C 
CLR $7D 

LDX $7C 
LDAA #$E4 
STAA $7E 
CLR $007F 

CLR SE482 



No Op 
LDAA $E482 



STAA $00,X 
INX 

CPX $7E 
BGE $03 
JMP $0020 



-Start Initialization- 
Access PIA's DDRB 



Set PB7-0 = Inputs 



Initialize 
PIA 



Access Per. Data Reg. B, 
Set CB2 to Output x 
-End Initialization- 
Start Read/Store Program- 
Load 007C, 7D with E000 H 



I 

Set Index Register to EOOOh 
Load 007E, 7F with E400 H 



Write 00h to Port B; CB2 pulses low for 
one E Cycle (S pulse) 

Required for PIA's setup time 
Read port B (Read MC6108) 



Store Port 8 Data 

Increment Index Reg. 

Compare Index Reg. with 7E/7Fh (E400h) 

Branch IF » to $0031 h 

Jump to $0020h — Read Next Byte 

IK Bytes stored — Next Instruction 
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Figure 14. Reading Data Through a Port — 
Example #5 



Figure 15. Example #5 Timing 



EXAMPLE #6 

The program sequence for the conversion is to write 
to the A port to bring PA7 low, and then high, and then 
read the B port to obtain the MC6108's data. The con- 
version occurs within the cycle time between PA7 switch- 



ing high and reading the data, requiring no WAIT or NO- 
OP instructions in between. See Figure 16 for the sche- 
matic, and Figure 17 for the timing involved. 



OpCode 



Mnemonic 



Notes 



01 
02 
03 
04 
05 
06 
07 
08 
09 
OA 
OB 

oc 

0D 
0E 
OF 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
1A 
1B 
1C 
1D 

20 
21 

22 
23 



7F 
E4 
81 



B7 
E4 
80 
86 
04 
B7 
E4 
81 
86 
80 
B7 
E4 
80 
7F 
E4 
83 
7F 
E4 
82 
86 
04 
B7 
E4 
83 



E0 
97 
7C 



CLR $E481 

LDAA #$80 
STAA $E480 

LDAA #$04 
STAA $E481 

LDAA #$80 
STAA $E480 

CLR $E483 

CLR $E482 

LDAA #$04 
STAA $E483 

LDAA #$E0 
STAA $7C 



-Start Initialization- 
Access PIA's DDRA 



Set PA7 = Output (PA 7 wi" provide S pulse) 

Access Per. Data Reg. A 

Set PA7 = 1 
Access PIA's DDRB 
Set PB7-0 = Inputs 



Access Per. Data Reg. B 

-End Initialization- 
Start Read/Store Program- 
Load 007C, 7D with EOOOh 
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Address 



OpCode 



Mnemonic 



24 


7F 


CLR $7D 


25 


00 




26 


7D 




27 


DE 


LDX $7C 


28 


7C 




29 


86 


LDAA #$E4 


2A 


E4 




2B 


97 


STAA $7E 


2C 


7E 




2D 


7F 


CLR S007F 


2E 


00 




2F 


7F 




30 


7F 


CLR $E480 


31 


E4 




32 


80 




33 


86 


LDAA #$80 


34 


80 




35 


B7 


STAA $E480 


36 


E4 




37 


80 




38 


B6 


LDAA SE482 


39 


E4 




3A 


82 




3B 


A7 


STAA $00,X 


3C 


00 




3D 


08 


INX 


3E 


9C 


CPX $7E 


3F 


7E 




40 


2C 


BGE $03 


41 


03 




42 


7E 


JMP $0030 


43 


00 




44 


30 




45 


? 


? 



I 

Set Index Register to EOOOh 
Load 007E, 7F with E400 H 



SET PA7 = 



Set PA7 = 1 ' 



- S pulse 



Read Port B (Read MC6108) 

Store Port B Data 

Increment Index Reg. 

Compare Index Reg. with 7E/7Fh (E400h) 

Branch IF 3 to $0045h 

Jump to $0030h — Read Next Byte 

1K Bytes stored*— Next Instruction 




Figure 16. Reading Data Through a Port — 
Example #6 



Figure 17. Example #6 Timing 



EXAMPLE #7 

The program sequence for this example (using the sys- 
tem E clock rather than a 5 MHz clock for the MC6108) is 
to write a 00h to the B port to create the S pulse at CB2 
(writing to inputs does not affect them), and then reading 
the same port to obtain the MC6108's data. Between 



those instruction 4 No Ops are required to give the 
MC6108 the necessary clock cycles to finish the conver- 
sion. See Figure 18 for the schematic, and Figure 19 for 
the timing involved. 
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Address 



OpCode 



Mnemonic 



Notes 



01 
02 
03 
04 
05 
06 
07 
08 
09 
OA 
0B 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
1A 
18 
1C 
1D 
IE 
1F 
20 
21 
22 

23-26 

27 

28 

29 

2A 

2B 

2C 

2D 

2E 

2F 

30 

31 

32 

33 

34 



7F 
E4 
83 
7F 
E4 
82 
86 
2C 
B7 
E4 
83 



EO 
97 
7C 
7F 
00 
7D 
DE 
7C 
86 
E4 
97 
7E 
7F 
00 
7F 
7F 
E4 
82 
4x01 
B6 
E4 
82 
A7 
00 
08 
9C 
7E 
2C 
03 
7E 
00 
20 
? 



CLR $E483 

CLR $E482 

LDAA #$2C 
STAA $E483 

LDAA #$E0 
STAA $7C 
CLR $7D 

LDX $7C 
LDAA #$E4 
STAA $7E 
CLR $007F 

CLR $E482 



4 No Ops 
LDAA SE482 



STAA $00,X 
INX 

CPX $7E 
BGE $03 
JMP $004B 



Initialize 
PIA 



-Start Initialization- 
Access PIA's DDRB 



Set PB7-0 » Inputs 



Access Per. Data Reg. B, 
Set CB2 to Output 
-End Initialization- 

-Start Read/Store Program- 
Load 007C, 7D with EOOOh 



Set Index Register to EOOOh 

Load 007E, 7F with E400h 

I 



Write 00h to Port B; CB2 pulses low for 
one E Cycle (S pulse) 

MC6108 is converting 
Read Port B (Read MC6108) 



Store Port B Data 
Increment Index Reg. 

Compare Index Reg. with 007E/7Fh (E400h) 

Branch IF 3 to $0034h 

Jump to $0020 — Read Next Byte 

1K Bytes stored — Next Instruction 




Figure 18. Reading Data Through a PbVt 
Example #7 



Figure 19. Example #7 Timing 
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OTHER EXAMPLES 

Figure 20 illustrates a method for controlling several 
MC6108 A/D converters. The four devices are perma- 
nently enabled (CS = low) as shown in Figure 2. The PIA 
is set up to output a single active low pulse at the CB2 
pin, as described prior to Example #1 in this application 
note, to initiate the conversion. The convert command (S 
pulse) is provided to all four converters simultaneously. 
The address decoder, composed of the 74LS30, LS04s, 
LS1 1 , and LS155, results in one of the four converters 
being read by the microprocessor, depending on which 
address (EB00 through EB03) is selected. It should be 



noted that the decoder shown in this example is incom- 
plete, as address lines A7-A2 are not included. Each in- 
dividual application will determine the need for more 
complete decoding. 
Some variations of the circuit shown are: 

1) Extend the decoder to include address line A2, and 
use one line of the other half of the LS155 (only the 
"A" half is shown) to provide the S pulse to the 
converters, eliminating the need for the PIA. 

2) Use the other half of the LSI 55 to provide individual 
S pulses to each converter. 



A15 
A14 
A13 
A12 
A11 
A10 
A9 
VMA 

A8 
R/W 
E02 
A1 
AO 



CB2 



MC6821 
PIA 



LS30 





LS11 













5 MHz CLOCK >- 



Ea 


Ooa 


Ea 


S' 2' 


A1 


03a 


AO 


LS155 



EB01 



EB02 



EB03 



CLK 


D7 
• 


S MC6108 


• 

DO 


R 





CLK 


07 






S MC6108 


DO 


R 





CLK 


D7 


• 


S MC6108 


DO 


R 





CLK 


D7 


• 


S MC6108 


• 

DO 


R 




Figure 20. Handling Multiple MC6108s 



Figure 21 illustrates an additional configuration for con- 
trolling several MC6108 A/D converters. In this case, the 
MC6821 PIA is used to both initiate the conversion, and 
read the data. The active low pulse at CB2 is provided to 
all the converters simultaneously. The selected MC6108 
is then activated by bringing its READ pin low, by means 
of the appropriate line at the A port. Th e data is then read 
through the B port, and then the READ input is taken high. 
The remaining pins of each MC6108 are connected as 
shown in Figure 2. 

Figure 22 illustrates the circuitry for reading in an ana- 
log signal, processing it according to the system require- 
ments, and then producing an analog signal out by 
means of the DAC-08 D/A converter. The digital data to 
be converted to analog is stored in the 74LS273 octal 
latch when its CP input receives an active low pulse from 
the address decoder. In Figure 22, the latch is considered 
a "write only" location at address EB01. On the rising 
edge of the CP pulse, the data is transferred to the DAC- 
08 by means of the Q outputs. The output of the DAC is 
a current proportional to the reference current and the 
digital data presented to it. The op amp converts that 
current to an output voltage by means of the feedback 
resistor R x (Max V out = R x x 2 mA). 

The reference current for the DAC-08 is supplied from 



the MC6108's reference supply (V re f). Settling time of the 
output voltage is approximately 1 £is with any of the 
currently available fast op amps, such as the MC34001 
family, MC33070 family, MC34074 family, or the MC34080 
family. The DAC-08 can be powered from the same +5 
and - 5.2 volt supplies used for the MC61 08. 

The MC6108 receives its Start command (S pulse) from 
an MC6821 PIA's CB2 output,, as described in Example 
#1. Since the MC6108 can be considered a "Read Only" 
memory location, and the 74LS273 latch a "Write Only" 
location, they are placed at the same address (EB01 in 
Figure 22), but set to respond to Read and Write com- 
mands (LDAA and STAA for the MC6802 MPU). In Figure 
22, the address decoder is the same as in Figure 4, except 
thatthe R/W line has been relocated. Reading the MC6108 
is the same as in previous examples. When writing to the 
74LS273 latch, the output pulse from the decoder (at the 
upper LS32 gate) is shortened to 300 ns to ensure that 
its rising edge occurs while data on the data bus is still 
valid. 

CONCLUSION 

The examples have shown that interfacing the MC6108 
A/D converter to a microprocessor is a relatively simple 
process. The flexibility associated with the various control 
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5 MH; CLOCK >- 



D7 CB2 
" MC6821 



DO p| A 
PB7 
PBO 



PA3 
PA2 
PA1 
PAO 



CLK 




• 


s 


MC6108 


• 

DC 


R 




CLK 




07 
• 


s 


MC6108 


• 

DO 


R 





- 




Figure 21. Handling Multiple 6108s 



FROM SYSTEM 
POWER UP RESET 



R.-W- 
A9- 
A8- 



A7 — ^>c— 
AO — 



+ 5V- 
E02- 
VMA- 



LS32 



EBOKREAD) 



LS30 




VOUT 
Max V oul 
R x x 2 mA 




5 MHz- 



V,ef 


D7-D0 


R 




CLK 


MC6108 


5 






NOTE: MC6108 and 74LS273 
selected at 1110 1011 OXXX XXXI 
Address EB01 used in this 
example. All inverters are LS04. 



Figure 22. The MC6108 A'D and DAC-08 D/A 



lines allow several combinations of a port and address 
decoder to be used for controlling the converter, and for 
reading the data. 

The examples indicate there is an inverse relationship 
between the amount of hardware and the length of pro- 
gramming required. Each individual application will de- 
termine the right combination of the two. 

The MC6108's high speed (1.8 /is) facilitates program- 
ming the system since interrupts and long wait states are 



generally not required. In most cases, the READ instruc 
tion can immediately follow the CONVERT instructions. 

REFERENCES 

— MC6108 Data Sheet, 1986 

— MC6802 Data Sheet, 1979 

— MC6821 Data Sheet, 1978 

— DAC-08 Data Sheet, 1986 
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